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Gallium-Rich Films as Boundary Lubricants in Air and 
in Vacuum to 10° mm Hg 


By D. H. BUCKLEY (ASLE)! and R. L. JOHNSON (ASLE)? 


The friction and wear characteristics of various materials coated with thin gallium-rich films were 
determined at temperatures to 1000 F in air and at room temperature in vacuum between 10-7 
and 10-9 mm Hg. Evaporation rates of gallium were measured at 10-7 mm Hg and ambient 
temperatures to 1000 F. The friction and wear experiments were conducted with 3/16 inch 
radius rider hemisphere sliding on a 21-inch diameter disk at surface speeds of 28 to 4490 feet 
per minute and a load of 1000 gms. Utilizing a gallium-diffused film, boundary lubrication of 440-C 
stainless steel was obtained. The friction and wear obtained with the gallium-diffused films were 
lower in vacuum than in air. The use of relatively inert materials such as boron carbide and alumi- 
num oxide as rider specimens reduced the corrosion problem normally encountered with gallium in 
all-metal systems. Gallium was not equally effective as a lubricant for all materials; it reduced 
friction and wear for several alloys (52100 and 440-C), other materials including a nickel base 


alloy were not effectively lubricated. 


Introduction 


MovInc parts on space vehicles must operate for ex- 
tended periods of time (e.g., 10,000 hr) or over a sub- 
stantial range of temperature (70 to 1000 F) in the 
vacuum of outer space; available oil and grease lubricants 
are unsatisfactory because of their prohibitive evapora- 
tion rates (1). Inorganic solids and soft metals appear to 
have promise as solid film lubricants for use in space. 
Some of these materials exhibit very low evaporation 
rates in vacuum. In addition, a number of these inorganic 
materials are known to retain their structural integrity 
at ambient pressures and temperatures where many 
materials dissociate. 

If a material is to function as a lubricant in the en- 
vironment of space, it should have a very low vapor pres- 
sure in order that it may be retained on lubricated sur- 
faces for prolonged periods. For many applications, it is 
desirable that it be liquid over a broad temperature range 
and have good wetting properties. Gallium possesses all of 
these characteristics. It has a very low vapor pressure, is 
a liquid from 86 F to 3600 F and will wet nearly all 
surfaces. Although the properties of gallium appear to 
be attractive, very little experimental work with this 
material has been reported in the literature. 

One problem associated with the use of gallium in 
metal systems is its extremely reactive nature toward 
other metals; it has a strong tendency to form alloys or 
solutions. The alloys may have shear strengths that are 
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greater or less than that of gallium depending upon the 
nature of the alloying materials. These systems may also 
be conducive to high wear. It has been reported in the 
literature, however, that materials are available which 
do offer resistance to corrosive attack by gallium (2, 3). 

The objectives of this investigation were: (a) to 
determine the evaporation rate of gallium in vacuum at 
temperatures to 1000 F in order to establish its relative 
merit as a lubricant for prolonged use in space; (b) to 
determine the friction and wear characteristics in air and 
vacuum of various alloys lubricated with surface films of 
gallium; and (c) to select materials which offer good re- 
sistance to attack by gallium; that is combinations of 
materials having potential for use in bearings, seals, 
gears, and other components. 

The evaporation experiments of this investigation were 
made at ambient pressures to 10-7 mm Hg and tempera- 
tures to 1000 F. The friction and wear experiments were 
conducted with a 3/16-inch radius rider hemisphere 
sliding on a 21-inch diameter disk at surface speeds of 
28 to 4490 feet per minute and a load of 1000 gm. These 
conditions are representative of those experienced in 
bearings, gears, and seals in space. Data were obtained 
at temperatures to 1000 F in air at atmospheric pressure 
and at room temperature in vacuum to 10—® mm Hg. 


Physical and chemical properties of gallium 


The physical properties of gallium are summarized in 
Table 1. 

Gallium is comparable to aluminum in its chemical 
properties. Gallium like aluminum, is only superficially 
oxidized when heated in air or oxygen. It will dissolve 
in both acid and base indicating its amphoteric character. 
Gallium and gallium alloys exhibit a strong tendency to 
supercool. Highly refined gallium has been cooled to —4 
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TABLE 1 
Physical Properties of Gallium [Ref. (3)] 
Atomic weight 69.72 
Melting point (°F) 85.86 
Boiling point (°F) 3601 


380.39 at 90 F 
1.894 at 1274 F 
1.029 at 574 F 
0.8783 at 756 F 
0.8113 at 932 F 


Density, lb/ft? 
Viscosity (centipoises) 


Thermal Conductivity, 


Btu/ (hr) (ft?) (°F) 16.94 to 21.78 
Electrical resistivity, 
uw ohms/ft 25.9 at 85 F 


Surface tension, poundals 0.1350 at 85 F 
Volume change on fusion —3.32 per cent of sol. vol. 


Heat capacity, Btu/Ib—°F 0.082 





F before solidification. Gallium with a melting point of 
85.86 F has an extremely low vapor pressure. Gallium 
also has extremely good wetting properties. It will wet 
glass and glazed ceramic surfaces. The extremely good 
wetting character of gallium is attributed to the oxide of 
gallium (Ga2O3). Gallium is nontoxic (e.g., its alloys 
have been used extensively in dentistry). 

Gallium will attack most metals as does molten 
aluminum. Data in Refs. (2) and (3) indicate that 
gallium can be used at relatively high temperatures with 
tantalum, zirconium, and tungsten without a problem of 
corrosion (Fig. 1). The stainless steels offer better re- 
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Fic. 1. Resistance of materials to attack by gallium [modified 


figure from Ref. (3)]. 
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sistance to gallium attack than do the nickel base alloys. 
Graphite, carbon, ceramics, and glass are impervious to 
attack by gallium at low temperatures. 


Apparatus 


The apparatus used in this investigation for friction 
and wear studies is shown in Fig. 2. The basic elements of 
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Fic. 2. Vacuum friction and wear apparatus 


the apparatus were the specimens (a 24-inch diameter 
flat disk, and 3/16-inch radius rider specimen), all 
mounted in a vacuum chamber. The apparatus is described 
in detail in Ref. (1). A modification in the apparatus 
described in Ref. (1) has been made. This modification 
consisted of replacing a 5-horsepower canned induction 
motor as the drive mechanism with a hydraulic motor 
and a magnetic drive coupling. The coupling is composed 
of two twenty-pole magnets separated by a distance of 
0.150 inch with a 0.030-inch diaphragm between magnet 
faces. One magnet was the driver magnet and was out- 
side the vacuum system. It was coupled to a hydraulic 
motor. The second magnet was completely canned with 
a nickel alloy housing (cut away in Fig. 2) and was 
mounted on one end of the shaft within the chamber. The 
end of the shaft opposite the magnet contained the disk 
specimen. The internal drive support utilized size 204-R 
angular contact ball bearings having the cages coated with 
a commercial type, bonded MoS, film. 

The rider specimen was supported in the specimen 
chamber by a retaining arm that was gimbal and bellows 
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mounted to the chamber. A linkage at the end of the 
retaining arm away from the rider specimen was con- 
nected to a strain-gage assembly. The assembly was used 
to measure frictional force. Load was applied through a 
dead-weight loading system. 

Attached to the lower end of the specimen chamber 
was a 400-l/sec ionization pump and a mechanical fore- 
pump using liquid-nitrogen cold traps. Cryogenic pump- 
ing of the vacuum system with liquid nitrogen and liquid 
helium was employed utilizing a 200-foot coiled 3/16- 
inch diameter tubing within the chamber. The pressure 
in the chamber was measured adjacent to the specimen 
with a nude hot cathode ionization gage. 

The evaporation rate apparatus used in this study is 
described in Ref. (1). The apparatus consisted of the 
specimen, a 4% X %-inch sheet of mica to which was 
applied a thin rubbed film of gallium. The specimen was 
suspended from an electronic balance (sensitivity +0.01 
mg) into the mouth of a wire wound tungsten element 
cylindrical furnace. About 4.0 inches above the furnace 
was a copper condensing plate which was liquid nitrogen 
cooled. The entire apparatus was enclosed in a glass bell 
jar system and pressure within the system was measured 
with a nude hot-cathode ionization gage adjacent to the 
evaporating system. 


Experimental procedure 


SPECIMEN CLEANING 


The disk and rider specimens used in friction and 
wear experiments were finish ground at 4 to 8 micro- 
inches. Before each experiment, the disk and rider were 
given the same preparatory treatment. This treatment 
consisted of: (a) a thorough rinsing with acetone to 
remove oil and grease, (b) polishing with moist levigated 
alumina on a soft cloth, and (c) a thorough rinsing with 
tap water followed by distilled water. For each experi- 
ment, a new set of specimens was used. 


GALLIUM COATING APPLICATION 


After cleaning the disk specimen as described above, 
liquid gallium was applied to the disk surface. An ap- 
plicator was used to uniformly distribute the gallium over 
the disk surface. The disk was then gently warmed over 
a burner to allow the gallium to completely coat the 
metal. The disk was wiped with a soft dry cloth to remove 
excess gallium and the specimen was allowed to cool. The 
films were approximately a few ten thousands of an inch 
in thickness. 

Some specimens were given an additional pretreatment 
before running in actual experiments. This treatment con- 
sisted of placing the specimens rubbed with gallium films 
into a muffle furnace at 500 F, for a period of one hour. 
The specimens were then removed from the furnace and 
allowed to cool to room temperature before running in 
friction and wear experiments. In one experiment the 
pretreatment consisted of a 1000 F bake for one hour. 


Results and discussion 
EVAPORATION OF A GALLIUM FILM IN VACUUM 


In order to determine the merit of a material like 
gallium as a lubricant for space applications one of the 
first properties that must be investigated is its evapora- 
tion 1:ate in the vacuum of outer space. Some evaporation 
rate studies were therefore conducted in vacuum of 10~-® 
to 10-7 mm Hg with gallium films and the measured 
evaporation rates at temperatures to 1000 F are pre- 
sented in Fig. 3. Gallium exhibited an extremely low rate 
of evaporation at temperatures to 800 F. The rate was 
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Fic. 3. Evaporation rate of gallium metal in vacuum (10-6 to 
10-7 mm Hg). 


less than 1.0 X 10~-1!° gm/cm?/sec. Based on the ex- 
perimental data it would require 120 hours to evaporate a 
0.001-inch gallium film at 1000 F and 10-* mm Hg; at 
800 F and lower temperatures, such films would last for 
more than 5 years. For comparative purposes, the evap- 
oration of molybdenum disulfide, a material which offers 
considerable promise as a solid lubricant for space ap- 
plications, is included in Fig. 3. The extremely low evap- 
oration rate of gallium indicates it has the ability to be 
retained on surfaces in vacuum. 


GALLIUM FILMS ON VARIOUS SUBSTRATES IN AIR 


The influence of gallium on the friction and wear 
characteristics of alloys was evaluated by applying thin 
films of gallium to the surface of various alloys. The 
friction and wear characteristics were determined both 
unlubricated and lubricated with gallium films in air. 
The results obtained in these experiments are presented 
in Fig. 4. Both ferrous base alloys, 52100 and 440-C 
stainless steel gave lower friction and wear when 
lubricated with gallium films. The nickel bonded titanium 
carbide cermet, the nickel alloy, and the cobalt base alloy 
all had higher wear when coated with gallium films than 
when the specimens were run uncoated; the friction was 
also higher for all of these materials with the exception 
of the cobalt base alloy. The results obtained indicate that 
the effectiveness of gallium as a lubricant is markedly 
dependent on the alloy to which it is applied; it will 
reduce friction and wear for some materials and not 
others. 
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Fic. 4. Friction and wear of various alloys with rubbed 
gallium films at atmospheric pressure, 390 ft/min, 1000 gm, 1 hr, 
75 F. 


The surface temperatures may play a vital role in the 
lubricating properties of materials like gallium. In- 
creasing surface temperature will decrease gallium 
viscosity (and shear strength), as well as increase wet- 
tability and surface diffusion (4). Some friction and wear 
experiments were therefore conducted at 75, 500, and 
1000 F in air with the alloys 440-C, nickel base alloy, and 
the cobalt base alloy coated with rubbed gallium films. 
The results obtained in these experiments are presented in 
Table 2. In general, all three alloys showed some decrease 
in friction at elevated temperature. The most significant 
reduction occurred with 440-C. The nickel base alloy 
showed an increase in wear with increase in the ambient 
temperature. This result may be due in part to a cor- 
rosive wear mechanism since the nickel base alloys are not 
as resistant to alloying attack by gallium as are the 
stainless steels. 








TABLE 2 
Friction and Wear for Various Alloys Lubricated with Gallium 
Films in Air 
Rider wear, 
Coefficient in.3/ft 
Material of friction of sliding® 
440-C S.S. on 440-C SS. 
75°F 0.330 2.44 10-9 
500°F .104 1.1210—-9® 
1000°F 135 1.03 10-9 
Vacuum melted Ni-Cr alloy on 
vacuum melted Ni-Cr alloy 
ae .280 4.51X10—-9® 
500°F 146 5.32X10—9 
1000°F .234 5.39xX10—-9 
Cobalt base alloy on 
cobalt base alloy 
75°F .210 5.08 10-10 
500°F 152 7.52X10—10 
1000°F .192 6.07 10—10 





@ Sliding velocity, 390 feet per minute; load, 1000 gm; duration 
of run, 1 hour. 
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GALLIUM Fi_~Ms on 440-C In VacuuM 


The results obtained with gallium films in air on 440-C 
stainless steel indicated it could lubricate this alloy. In 
order to determine its relative merit as a lubricant in the 
vacuum of space, a vacuum friction and wear experiment 
was conducted with a gallium coated 440-C specimen. 
The friction results obtained with 440-C sliding on 
gallium coated 440-C at 10-7 mm Hg are presented in 
Fig. 5. At the start of the experiment the friction was 
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Fic. 5. Friction coefficient for 440-C sliding on gallium coated 
440-C in vacuum, 390 ft/min, 1000 gm, 1 hr, rubbed gallium film, 
75 F. 


about 0.16. As time progressed, however, the friction 
coefficient decreased to a value of about 0.09. Visual 
observation of the sliding interface through a viewing 
port indicated a bead of liquid gallium being moved on 
the disk surface ahead of the rider. After forty minutes 
of operation the friction began to gradually increase. 
That increase may be attributed to possible alloying of 
gallium with base metal. No data, however, is available 
to date to confirm this possibility. For comparative 
purposes, the friction data obtained in air with gallium 
coated 440-C is included in Fig. 5. The marked difference 
in friction coefficient obtained in air and in vacuum can 
readily be seen. The rider wear obtained in the two 
experiments is presented in Fig. 6. The wear volume in 
vacuum was one hundredth of the wear obtained in air. 
The explanation for the difference in friction and wear 
obtained in air and vacuum is believed to lie in the dif- 
ference in specimen surface temperature. In these vacuum 
experiments, higher specimen surface temperatures are 
achieved because the heat generated in the sliding 
process is carried away principally by conduction, while 
in air both conduction and convection tend to reduce 
sliding surface temperatures. In space, heat is lost 
primarily by radiation. The increase in temperature in 
vacuum results in increased alloying and diffusion of 
gallium into the specimen surface. 


EFFECT OF APPLICATION TECHNIQUES 


Since gallium films appear dependent upon conditions 
such as film temperature to give good lubricating proper- 











wTeelOrellUP (i? 


4 


wr Or OH ®D 


“ 





Gallium-Rich Films as Boundary Lubricants 5 








Fete eee cn ia asa is ~ 


Fic. 6. Photomicrographs (x 15) of wear areas of 440-C rider 
specimens run at (a) atmospheric pressure and (b) in vacuum 
against a gallium-coated 440-C disk specimen. Sliding velocity, 
390 ft/min; load, 1000 gm; duration of run, 1 hr, temp, 75 F. 


ties the effects of various surface and film treatments 
were conducted with 440-C. The results obtained with 
these application techniques in friction and wear experi- 
ments in air are presented in Fig. 7. The first surface 
treatment consisted of a continuous application, with an 
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Fic. 7. Friction and wear of 440-C sliding on 440-C at at- 
mospheric pressure, 390 ft/min, 1000 gm, 1 hr, 75 F. 


applicator of gallium film in the wear area to re- 
plenish the gallium removed or worn away from the 
surface. This approach was very effective in giving satis- 
factory friction and exceptionally low wear. The second 
treatment consisted of an application of gallium as a thin 
surface film with the excess wiped away. The results 
obtained using this approach are shown as the third bar 
of Fig. 7. The next two application techniques employed, 
consisted of first applying a thin film of gallium to the 
specimen surface and then heating the specimens in a 
furnace for one hour; the first specimen was held at 
500 F and the second at 1000 F. The lowest wear was 
obtained with the continuously applied gallium film. The 
continuously applied system can, however, be complex 
and therefore the 500 F pretreatment appears the most 
economical and simplest in practice. Henceforth, the 
term pretreated film will refer to this 500 F pretreatment. 

The friction coefficient for gallium coated 440-C with 
500 F pretreatment was determined in vacuum to estab- 
lish whether the advantage observed for the pretreatment 
in air (Fig. 7) would also be observed in vacuum. The 
results obtained are presented in Fig. 8. The friction 
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Fic. 8. Coefficient of friction for 440-C sliding on pretreated 
gallium coated 440-C in vacuum. 390 ft/min, 1000 gm, vacuum 
10-8 mm Hg, 1 hr, 500 F pretreatment, ambient 75 F. 


coefficient average was higher than was obtained with 
the rubbed film of Fig. 5. The average friction was about 
what was obtained at the end of the experiment con- 
ducted in vacuum with the rubbed film of Fig. 5. The 
advantage in using the pretreatment was a relatively con- 
stant friction coefficient. With the rubbed film of Fig. 5, a 
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Fic. 9. Friction and wear of 440-C sliding on pretreated gal- 
lium coated 440-C in air. 1000 gm, 75 F, 1 hr, 500 F pretreatment, 
atmospheric pressure. 





positive increase in friction was observed with time 
beyond forty minutes of operation. 

The sliding velocity used in the early experiments was 
390 feet per minute. Since mechanical devices are 
required to operate over a range of sliding velocities, 
some friction and wear experiments were conducted in 
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Fic. 10. Friction and wear of various rider materials sliding 
on pretreated gallium coated 440-C in air. 4490 ft/min, 1000 gm, 


atmospheric pressure, 1 hr, 75 F. 
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Friction and wear of various materials in vacuum 
(10-8 mm Hg). 390 ft/min, 1000 gm, 1 hr, liquid N, cryopump- 


Photomicrographs (15) of boron carbide rider specimens and 440-C disks run in vacuum of 10—8 milli- 
meter of mercury. (a) Boron carbide rider unlubricated; (b) boron carbide lubricated with gallium; (c) 440-C disk 
unlubricated; (d) 440-C disk lubricated with gallium film. Sliding velocity 390 ft/min, load 1000 gm, temperature 75 F, 
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air with gallium coated 440-C specimens at various sliding 
velocities. The results of these experiments are presented 
in Fig. 9. All gallium coated 440-C disk specimens were 
given the 500 F pretreatment. The coefficient of friction 
was less than 0.2 at sliding velocities to 4500 feet per 
minute. The 440-C rider wear rate was low to a sliding 
velocity of 3000 feet per minute. Above 3000 feet per 
minute with increasing surface temperature, however, the 
wear, while low, began to increase. This increase may be 
attributed to a corrosive type wear, when the gallium 
begins to react appreciably with the 440-C stainless steel. 
At the lower sliding velocities (less than 800 ft/min) 
the wear increased with decrease in sliding velocity. It 
appears that, in air, optimum wear reduction is achieved 
at sliding velocities in excess of 800 feet per minute. In 
vacuum, because of the problem of heat dissipation, it 
should be anticipated that the optimum sliding velocity 
will be different. 


INERT SLIDER MATERIALS IN AIR 


The alloying or corrosive wear of 440-C at sliding 
velocities in excess of 3000 feet per minute suggested 
that consideration should be given to inert or nonreactive 
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Fic. 13. Surface profile tracings of wear areas on 440-C stain- 
less steel disk surfaces. The rider was boron carbide. The sliding 
velocity was 390 ft/min, load 1000 gm, and duration 1 hr. The 
specimens were run in a vacuum of 10—8 millimeter of mercury at 
75 F. 


materials for use as slider components at sliding velocities 
in excess of 3000 feet per minute where corrosive wear 
was encountered with 440-C. The corrosion literature was 
therefore reviewed and a group of materials was selected 
as possible candidates for use with gallium films. Since, 
in the specimen configuration used in this investigation, 
the rider is in continuous sliding contact while the disk 
surface only experiences intermittent contact, it was 
decided to make the rider of inert material. Various rela- 
tively inert rider specimens were therefore run against 
gallium coated 440-C disk specimens at 4490 feet per 
minute in air. The results obtained are presented in 
Fig. 10. The 440-C stainless steel data was included for 
reference purposes. The aluminum oxide (AlsO3), chrome 
carbide (CrsC2) and boron carbide (B,C) riders all give 
low wear. The aluminum oxide and boron carbide also 
gave low friction when sliding on the gallium coated 
440-C. 


EXPERIMENTS IN VACUUM AT 10~—*8 mm Ho 


In order to explore further the possible application of 
gallium as a lubricant for space, the friction and wear 
characteristics of various materials both unlubricated and 
lubricated with gallium films were measured at ambient 
pressure of 10-§ mm Hg. The results obtained are 
presented in Fig. 11. For 440-C stainless steel, the wear 
with unlubricated specimens is 1000 times that with 
gallium-lubricated specimens. In general, for all four 
material combinations, considerable reduction in friction 
and wear is obtained using the gallium film. 

Photomicrographs of boron carbide riders and 440-C 
stainless disks (both unlubricated and lubricated with 
gallium films) that were run in vacuum are presented in 
Fig. 12. The wear to the 440-C disk on which boron 
carbide riders slid were recorded with a surface profilom- 
eter and these are reproduced in Fig. 13. The disk 
which ran unlubricated showed evidence of considerable 
plastic flow of metal in the wear track. There was 
periodic removal of metal as shown in Fig. 13(A) and 
accompanying “build up” as shown by Fig. 13(B). The 
surface profile of the wear area on the 440-C with a gal- 
lium film is shown in Fig. 13(C). The irregularities are 
due to the gallium present on the 440-C surface. If the 
gallium film is removed then the 440-C surface profile 
changes as is shown in Fig. 13(D). Photomicrographs of 
the wear areas on the aluminum oxide riders and 440-C 
disks both unlubricated and lubricated with gallium films 
are presented in Fig. 14. 


EXPERIMENTS IN VACUUM AT 10-9 mm Ho 


The low friction and wear obtained with aluminum 
oxide sliding on gallium coated 440-C in vacuum of 10~§ 
mm Hg suggested that this combination should be ex- 
amined at lower ambient pressures. With the aid of 
liquid helium cryopumping (condensation of condensible 
gases) friction and wear experiments were conducted at 
10-*mm Hg and the results obtained are presented 
in Table 3. 
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(c) 





Fic. 14. Photomicrographs (X15) of aluminum oxide rider specimens and 440-C disks run in vacuum of 10—§8 milli- 
meter of mercury. (a2) Aluminum oxide rider unlubricated; (b) aluminum oxide rider lubricated with gallium; (c) 
440-C disk unlubricated; (d) 440-C disk lubricated with gallium film. Sliding velocity, 390 ft/min, load 1000 gm, 


temperature 75 F, and a duration of 1 hr. 








TABLE 3 
Friction and Wear for Two Material Combinations in Vacuum of 
10-9 mm Hg 
Coefficient Rider wear 
Material of friction (in. 3/ft/sliding) @ 
Al,Oz on 52100 0.084 1.81X 10-12 
Al,O, on 440-C 0.038 5.20X10—-18 





@ Sliding velocity, 390 feet per minute; load, 1000 gm; duration 
of run, 1 hour. 


Both friction and wear were extremely low for alu- 
minum oxide sliding on gallium coated and pretreated 
440-C and 52100. Decreasing the ambient pressure one 
order of magnitude (10~* to 10-® mm Hg) resulted in 
improved performance of the gallium film; the friction 
and wear decreased with decrease in ambient pressure. 

Surface profile tracings of the wear area on the 440-C 
disk surface with and without the gallium film, after 
completion of the experiment at 10—* mm Hg, are pre- 
sented in Fig. 15. It is interesting to note the amount of 
gallium actually present at the aluminum oxide-440-C 
interface. If an approximation is made from the tracings 
a gallium film of less than 70 x 10~® inch exists at the 
interface. 


In order to determine the influence of sliding velocity 
on the friction characteristics of the aluminum oxide- 
gallium coated 440-C system, a friction experiment was 
made at 10-* mm Hg at various sliding velocities. The 
results of this experiment are presented in Fig. 16. When 
the sliding velocity experiment is started at 80 feet per 
minute the friction coefficient is 0.20. As the sliding 
velocity is increased, however, the friction coefficient de- 
creases and at sliding velocities in excess of 900 feet per 
minute it is less than 0.01. If the sliding velocity is then 
decreased the friction coefficient does not retrace the 
original curve but rather at the lower sliding velocities 
reaches a maximum at 0.05. These results indicate this 
effect is related to the surface temperatures generated at 
the higher sliding velocities and the associated low shear 
strength of the surface film. The low shear strength film 
generated at the high sliding velocities results in lower 
friction coefficient (0.05) being obtained at sliding veloci- 
ties less than 300 feet per minute. If the specimen sur- 
faces were allowed to cool to room temperature a friction 
coefficient of 0.2 was again obtained at 80 feet per 
minute. 


The pure liquid metals such as gallium do not possess 
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(A) GALLIUM FILM 
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Fic. 15. Surface profile tracings of mean areas on 440-C 
stainless steel disk surfaces. The rider was aluminum oxide. The 
sliding velocity was 390 ft/min, load 1000 gm, and duration of 
run was 1 hr. The specimen was run in vacuum of 10-9 mm Hg 
at 75 &. 
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Fic. 16. Coefficient of friction for Al,O, sliding on pretreated 

gallium coated 440-C in vacuum 10-9 mm Hg, 1000 gm, 1 hr, 

1S F. 


the viscosity or film strength of conventional lubricants. 
However, when gallium is applied to substrates such as 
440-C stainless steel, small quantities of the substrate 
material will alloy with the gallium resulting in changes 
in physical properties of the surface film. For example, 
when gallium is applied to an alloy surface such as 
440-C and pretreated at 500 F, the film is no longer a 
liquid but rather a solid. The friction coefficient in Fig. 16 
at 80 feet per minute would result from a shearing of the 
gallium-rich alloy in the solid state. As the sliding velocity 
increases, however, the surface temperature increases and 
the gallium-rich film undergoes a transition of state from 
solid, characteristic of the softening of a metal through 
the plastic range as it approaches liquid in temperatures. 
The softening is accompanied by reduction in shear 
strength and friction coefficient. 

Increasing the ambient temperatures in vacuum may 
have a similar influence on such films as was observed 


by increasing sliding velocity, namely to decrease fric- 
tion coefficient. However, because of the reactive nature 
of gallium it may be anticipated that corrosion and 
corrosive wear may be a much more serious problem 
at elevated temperatures in vacuum than may be en- 
countered in air. With increase in ambient temperature, 
the amount of substrate material alloying with gallium 
will also increase, altering the composition of the surface 
film further and hence its lubricating characteristics. 


Summary 


A study of gallium coatings as lubricating films gave 
the following results: 


1. Effective boundary lubrication is obtained with 
gallium-rich films on 440-C stainless steel if a diffused 
gallium film is utilized. Gallium was applied as a surface 
coating to 440-C stainless steel and heated to cause 
diffusion into the alloy. The gallium coating appreciably 
reduced friction and wear normally encountered with 
this alloy at room temperature in vacuum. 

2. The friction and wear obtained for gallium lubri- 
cating films was lower at room temperature in vacuum 
than in air. This effect may be attributed to lower shear 
strength and increased diffusion which results from the 
higher specimen temperatures obtained in vacuum (re- 
duced ability to dissipate frictional heat). 

3. The use of a relatively inert material such as boron 
carbide or aluminum oxide as the mating material in 
sliding reduces the corrosion problem normally encoun- 
tered with gallium in contact with most metals, and 
therefore a corrosive wear mechanism is not encountered 
at high sliding velocities. 

4. Gallium is not equally effective as a lubricant for 
all materials, it will reduce friction and wear for several 
alloys including 52100 and 440-C stainless steel; other 
alloys including a nickel base alloy were not effectively 
lubricated. 
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DISCUSSION 


L. M. Foster (Alcoa Research Laboratories, New Kensington, 
Pennsylvania) : 


This paper describes an interesting possible solution to the 
lubrication problem in space vehicles and a novel use for the in- 
triguing new metal, gallium. New data in the recent literature on 
the vaporization processes in gallium systems suggests an alterna- 
tive explanation of some of the observations of Buckley and John- 
son, however. 

The vapor pressure and boiling point of gallium have been re- 
determined [C. N. Cocuran and L. M. Foster, J. Electrochem. 
Soc. 109, 144 (1962) ]. The boiling point is 2676 K (4360 F) rather 
than 3601 F, as cited in this paper. The vaporization process which 
had previously been erroneously interpreted as vaporization of the 
pure metal is the reaction of gallium with its oxide to form gallium 
suboxide vapor, thus 


4Ga) + Gag03(,) > 3Ga,0/,) [A1] 


The Ga,O pressure at all temperatures is very much higher than 
that of the pure metal. At 800 F and 1000 F, for example, the pres- 
sure from reaction [A1] is 7.6 X 10-9 mm and 2.4 X 10-6 mm, 
respectfully. The vapor pressure of pure gallium at the same tem- 
peratures is only 2.7 X 10-13 mm and 2.7 X 10-19 mm. 

Gallium does not “wet” surfaces. It is the oxide interface that 
adheres and gives the appearance of wetting. Gallium from which 
oxide has been completely removed in vacuum via reaction [A1] 
“de-wets” the surface and pulls into a ball. 

Considering the manner in which the authors applied the gallium 
films and the subsequent thermal treatments in air in some cases, 
there is no question that the oxide was present throughout all of 
the experiments and in particular, could account completely for 
the vaporization losses shown in Fig. 2. In fact, it appears that the 
losses became significant just at the “boiling point” of the Ga,O— 
about 900 F—where its pressure equals that of the ambient atmos- 
phere, i.e., 10-6-10—-7 mm. 

Accepting the presence of oxide in and on the gallium, alterna- 
tive explanations for some of the friction and wear observations 
could be advanced. In Fig. 8, for example, the descending part of 
the rider wear curve could be attributed to the reduced abrasive- 
ness of the film as the superficial oxide is gradually swept aside by 
the traveling disc. The slowly ascending part could show the in- 
creasing abrasiveness as additional oxide is formed, by reaction of 
fresh surfaces with air, and the incorporation of this oxide as a 
suspension in the liquid gallium. 

The authors justifiably make a strong case for the effectiveness 
of gallium as a film lubricant in space vehicle applications. I think 
that an even stronger case can be made if techniques can be em- 
ployed to insure complete exclusion of oxide in the films. The 
films should be serviceable at still higher temperatures and lower 
pressures and, depending on the effect of oxide dispersions on the 
lubricity of the films, even better lubricating qualities might be 
expected. 


Rosert D. Watpron (AiResearch Manufacturing Company of 
Arizona, Phoenix 34, Arizona): 


This paper describes some very interesting and encouraging 
results of experiments with gallium films as boundary lubricants 
for space applications. The authors’ three-fold objectives of deter- 
mining (a) evaporation rate, (b) friction and wear characteristics 
of various alloys with gallium films, and (c) materials selection 
for corrosion resistance represent a logical approach to the problem, 


and their data with regard to (a) and (b) appear quite promising. 
Corrosion resistance becomes more important for extended service 
however, and the authors’ cognizance of this problem is demon- 
strated in their discussion and experiments with various rider ma- 
terials. In view of the previous information on gallium corrosion, 
one would like to see data on the frictional characteristics of gal- 
lium films on the refractory metals or titanium or even on some 
of the resistant non-metals; perhaps some further studies should 
explore this field. 

In connection with the vapor pressure or evaporation rate data, 
one notes that while the rate of gallium evaporation is exceedingly 
small, it is important that gallium be supplied to the interface at 
a rate sufficient to provide the slight excess needed for lubricating 
qualities. The authors’ method of using a diffusion bonded layer in 
440-C is but one possibility, and alternatives such as porous im- 
pregnated bearings of the “oilite” type or dynamical feeds of the 
centrifugal type might equally well supply a continuous gallium 
film. (The authors’ results with continuous application on 440-C 
are interesting in this regard.) Some time ago, the writer made 
some qualitative friction tests on porous inconel and stainless steel 
specimens impregnated with gallium and noted a significant reduc- 
tion in friction over dry samples. For these methods, surface mi- 
gration of gallium atoms and film spreading characteristics assume 
some importance. 

Two separate problems, while only incidentally related to the 
present work, might have significant effect on the eventual utility 
of gallium films for boundary lubricants. These are starting torque 
at temperatures below the freezing point of gallium films, and the 
electrical contact resistance of such films. The former problem can 
perhaps be circumvented by suitable mechanical design involving 
dry rubbing sleeves or clutches which could generate enough heat 
to melt the gallium; alternatively, one might use a centrifugal lever 
to disengage the mating surfaces with a PTFE or similar starting 
member. Some data on the shear strength of typical frozen films 
would be desirable to estimate the torque loads likely to be en- 
countered for machinery for intermittent operation. The latter 
problem would be encountered in slip rings or commutators and 
possibly for antennas. Passage of sizable currents would generate 
additional heat and may affect corrosion rates. 


Pau. H. Bowen (Westinghouse Research Laboratories, Pittsburgh 
35, Pennsylvania) : 


The authors are to be commended on the basic investigation of 
gallium as an effective boundary film lubricant. This work is timely 
and of immediate interest in the field of lubrication where specific 
applications in air or in a space environment are involved. From 
the experiments, it is expected that gallium can be considered as a 
possible lubricant up to 1000 F in air or vacuum for inert sliding 
materials. 

In these tests, the gallium film was apparently a fluid film. It 
would be interesting to determine the load bearing ability with 
respect to wear or sudden increase in friction for various inert ma- 
terials. The hemispherical slider used in this test would be ideal 
for the tests where the loads would be increased until failure 
occurred. 

It would be interesting to evaluate the use of gallium between 
rubbing surfaces at temperatures where the liquid metal is super- 
cooled. Although it is known to be brittle at low temperatures, a 
thin pretreated film of the metal with the orthorhombic crystalline 
structure or a crystalline structure of an intermetallic-compound 
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of gallium may also provide effective lubrication. Perhaps these 
tests have already been made. 

We have found that gallium can be used as a lubricant for ball 
bearings operating in an air environment. Size 204 ball bearings 
with a one or two mil electroplated film of gallium on the ball 
pockets of polar guided retainers operated smoothly and quietly 
for 350 to 450 hours. The bearings of 52100 steel were run at 
1800 rpm with a radial load of 10 lb at a temperature of 450 F. We 
found that the method of pre-treatment in obtaining the gallium 
film was important. Bearings, in which the gallium was applied 
directly on the races and wetted by hand rotation, exhibited life 
of only 95 to 100 hours. Operation was noisy and much of the 
gallium was thrown out of the bearing race during the 1800 rpm 
tests. 


AuTHors’ CLOSURE: 


We wish to thank Drs. Foster and Waldron and Mr. Bowen 
for their discussions. It was very interesting to learn of the work 
conducted by Dr. Foster and his colleagues on the redetermination 
of the physical properties of gallium. The physical properties cited 
in our paper were obtained from the Liquid Metals Handbook. 
The data described by Dr. Foster were not known to the authors 
at the time the gallium investigation was in progress. 

In our investigation we were cognizant of the action of gallium 
oxides on wetting metal surfaces. Such wetting was necessary in 
our investigation to accomplish coating of the surface to be lubri- 
cated. Regarding the alternative explanation for the wear data 
obtained in Fig. 8, it should be noted that each wear data point 
represents a separate one hour experiment. With the ease of gal- 
lium oxidation described by Dr. Foster it would seem that the 


oxides would be present in the gallium film at all sliding velocities 
indicated. A closer examination of the lubricating characteristics 
of the gallium oxides would be necessary before any conclusion 
could be reached as to the possible role gallium oxides play in the 
friction and wear characteristics of materials according to Dr. 
Foster’s suggestion. 

Concerning Dr. Waldron’s comment on the frictional charac- 
teristics of refractory metals with gallium films, in the course of 
our investigations we have examined the friction and wear charac- 
teristics of some refractory metals and some non-metals; much 
of these data are, as yet, unreported. Further, we are in full agree- 
ment with the comment that there are many application tech- 
niques and methods for the utilization of gallium as a lubricant. 
Impregnation of porous bodies with gallium is certainly another 
approach which can be taken in the use of gallium. 

The problem areas cited by Dr. Waldron in specific applications 
of gallium films, it is believed, can be approached with techniques 
as suggested by him. 

Regarding the comment of Mr. Bowen concerning the load 
bearing ability of the gallium rich surface films, such experiments 
were not conducted in this investigation. Incremental loading was 
used at times during the course of these studies; however, the load 
was not increased to failure. 

Concerning the use of gallium films at supercooled temperatures, 
some unreported friction and wear experiments were conducted in 
liquid nitrogen using gallium films on 52100 steel. In general, the 
friction and wear were somewhat higher than was encountered at 
room temperature (75 F) and above where a liquid film exists. 

The results obtained by Mr. Bowen in his bearing experiments 
are extremely interesting and further emphasize the importance of 
film application techniques. 
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Evaluation of Oscillating Bearings for High-Temperature 
and High-Vacuum Operation 


By R. D. BROWN, R. A. BURTON,” and P. M. KU (ASLE)?# 


The friction and wear characteristics of oscillating, plain journal, and self-aligning bearings were 
determined over a temperature range of —90 to 1750 F, in a vacuum ranging from 10-8 to 10-3 
torr and at atmospheric pressure. The nominal shaft diameter was one-half inch. The projected 
bearing load was from 4400 to 12,000 psi. The oscillating frequency was held constant at 31 cpm. 


The amplitude of oscillation was + 25°. 


The bearing and shaft materials were two oxide-bonded cermets (Cr-Al,0,-Mo-TiO, and Cr- 
Al,Og-W) and two high-temperature alloys (Cb-W-Mo-Zr-O-C and Ni-Cr-Co-Mo-Fe-Ti-Al-C-B). 
The lubrication means were silver-palladium cladding, MoS, powder packed in a cavity in the 
bearing, and a resin-bonded MoS, film; these were evaluated in a vacuum ranging from 10-8 to 
10-3 torr. The most satisfactory performance over a wide range of operating conditions was pro- 
vided by the cermet materials in combination with MoS. powder packed in a cavity. 


Introduction 


THIS paper summarizes the principal results of a program 
to evaluate the friction and wear characteristics of oscil- 
lating, plain journal and self-aligning bearings under 
conditions typical of those encountered in control surface 
bearings on high-altitude aircraft (7, 2). Four substrate 
materials and three lubrication methods were studied. 
However, for economic and other reasons, only three 
journal material-bearing material combinations, each used 
in conjunction with one or two of the lubrication meth- 
ods, were investigated fully. 

The work was preceded by a screening study of the 
friction and wear characteristics of a number of available 
high-temperature substrate materials and lubricants using 
test specimens of simple geometry engaged in unidirec- 
tional motion (1, 2). On the basis of this screening study, 
promising substrate materials and lubricants were selected 
for evaluation in actual bearing configurations. Some 
data from the screening program are included later for 
comparative purposes. 


Apparatus and materials 
Test APPARATUS 


A schematic diagram of the apparatus as used for high- 
temperature bearing tests is shown in Fig. 1. The journal 
specimen I was held in bushings G. Oscillatory motion 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in Pittsburgh, Penn- 
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of shaft F was provided by a crank mechanism driven 
through a speed reduction box by a fluid motor, all of 
these accessories being located outside the test chamber. 
Shaft F was supported by a ball bearing located at each 
end of chamber J. A vacuum was maintained in this 
chamber, which was sealed at each end by means of 
two Buna N O rings. 

The bearing specimen E was loaded by compressed 
air acting on piston B, the force being transmitted 
through spherical ball bearing A to the column carrying 
the test bearing. The spherical bearing had a center of 
curvature at the center of the test journal, and thus 
offered no resistance to the turning of the shaft due to 
friction in the test bearing. Consequently, the only re- 
straint against rotation was provided by torque arm C. 
Strain gages on this arm provided an electrical output 
which was calibrated in terms of the torque. This loading 
system was adaptable without change to both plain and 
self-aligning bearings. 

Heat was applied by induction coils wrapped around 
the test journal and in pancake style at the ends of the 
test bearing. Three thermocouples located in the bearing 
holder and touching the test bearing were used to measure 
temperatures approximately 120° apart. The average of 
these readings was taken as the bearing temperature. 

The rolling-contact support bearings in the apparatus 
were lubricated with resin-bonded MoSs. Screws and 
fittings in the high-temperature zone were gold-plated to 
facilitate removal. 

The vacuum system was attached to the housing at 
flange H. A three-stage oil diffusion pump (liquid nitrogen 
trapped) and a mechanical forepump constituted the 
vacuum system. Pressure was measured by a cold cathode 
ionization gage which was located just below flange H. 

The modified apparatus used for conducting bearing 
tests at —90 F is shown in Fig. 2. In this configuration, 
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Fic. 1. High-temperature bearing test apparatus 
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Fic. 2. Bearing test apparatus, low-temperature modification 


a bearing holder enclosed in a jacket was used. By main- 
taining a suitable level of liquid nitrogen in the jacket, 
the desired temperature could be held. 


SPECIMEN CONFIGURATIONS 


The essential details of the plain journal and bearing 
specimens are shown in Fig. 3. The projected bearing 
area was 0.125 in®. The essential details of the self- 
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Fic. 3. Plain journal and bearing 
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aligning journal and bearing specimens are shown in 
Fig. 4. Since a undirectional radial load was used in the 
tests, only one-half of a self-aligning bearing was used in 


each test. 
tra 


or" a 


L rr a 
Li 


Fic. 4. Self-aligning journal and bearing 
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SUBSTRATE MATERIALS AND LUBRICANTS 


The substrate materials evaluated in the program were 
two oxide-bonded cermets (LT-1B and LT-2) and two 
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high-temperature alloys (F-48 and R-41). The composi- 
tion of these materials is given in Table 1. 


TABLE 1 
Composition of Substrate Materials 








Material Composition by weight per cent 

LT-1B Cr-19Al,03-20Mo-2TiO, 

LT-2 W-25Cr-15Al,0. 

F-48 Cb-15W-5Mo-1Zr-0.050-0.05C 

R-41 Ni-19Cr-11Co-10Mo-5Fe-3Ti-1.5Al-0.09C-0.005B 





The lubrication methods investigated were clad 80% 
silver-20% palladium film on either the journal or the 
bearing, MoS. powder packed in a cavity in the bearing, 
and resin-bonded MoS, films on both the journal and 
the bearing. The use of MoS, in a cavity was intended 
to provide an abundant and perhaps self-replenishing 
supply of MoS2 in the region of rubbing. This method 
has proved effective in lubricating ball bearings (3). 
Data pertaining to the lubricants are given in Table 2. 


TABLE 2 
Lubricant Data 








Silver- MoS, Bonded 
palladium powder? MoS, 
Composition 
(weight per cent) 80 Ag-20 Pd MoS, MoS, 
Density, gm/cc 10.7 4.8 — 
Melting temp., ° F 2000 2165 — 
Hardness, BHN 602 — — 
Average particle size, 
microns -- 10-15 7 
Binder None None Silicone 
resin? 





@ A MIL-M-7866A(ASG) powder. 
b Hardness after annealing. 
¢ The ratio of MoS, to resin was 37 to 6. 


In the interests of economy, only the following sub- 
strate material and lubricant combinations were evaluated 
extensively: (i) LT-2 journal versus LT-2 bearing: Sil- 
ver-palladium cladding on plain journal and on self- 
aligning bearing, (ii) LT-2 journal versus LT-1B bearing: 
MoS: in a cavity in the bearing, (iii) F-48 journal versus 
LT-2 bearing: (a) Silver-palladium cladding on journal 
and (b) Resin-bonded MoS, on journal and bearing. In 
addition, tests were made on unlubricated LT-2 journal 
vs. LT-2 bearing and R-41 journal vs. LT-1B bearing. 
Only a few tests were made with R-41, as this material 
was added very late in the program. 

For the sake of brevity, the substrate material com- 
bination will be designated in this paper by specifying 
first the journal material and then the bearing material. 
For example, the designation ““LT-2 vs. LT-1B” means 
that LT-2 is the journal material and LT-1B is the 
bearing material. 


Experimental procedures 
SURFACE PREPARATION 


The rubbing surfaces of the plain journals and bearings 
were left in the as-received state from machining or 
grinding operations. The cermet specimens had all been 
turned and ground and had very smooth surfaces (5 to 
18 microinches rms). The R-41 and F-48 specimens had 
been turned only and were rougher (18 to 30 micro- 
inches rms). 

Specimens were cleaned by washing in benzene, catho- 
dic degreasing, washing in water, washing in alcohol, and 
air drying. 


LUBRICANT APPLICATION 


The clad silver-palladium was swaged to the substrate 
material by the simultaneous application of heat and 
pressure. To effect a satisfactory bond, it was necessary 
to sand-blast the substrate material before bonding was 
attempted. The cladding was applied to the journal for 
the plain bearing configuration and to the bearing for 
the self-aligning bearing configuration. The silver-pal- 
ladium film was approximately 0.015 inch thick before 
cladding. After cladding, the plain journal was ma- 
chined on a lathe to provide for clearance; the remaining 
cladding was approximately 0.003 to 0.005 inch thick. 
It was not necessary to machine the cladding on the self- 
aligning bearing, since only one-half of a bearing was 
used in the tests and clearance was not an important 
factor. Cladding was applied to the self-aligning bearing 
by forcing a cermet self-aligning journal against a silver- 
palladium strip laid on the bearing. A spray coating of 
micronized graphite kept the journal from sticking to 
the cladding during the swaging process. 

Molybdenum disulfide was applied in two ways. In 
one application, resin-bonded MoS, film was used. The 
liquid carrying the MoS. was applied to both the 
journal and the bearing with a brush. After drying in 
air, the specimens were baked at 450F for 1 hour. In 
the other application, MoS. powder was packed in a 
cavity, 1/8 inch in diameter and 3/16 inch in depth, 
located on the loaded side of the bearing. 


TEST PROCEDURES 


After the specimens were cleaned and positioned, the 
housing was evacuated. While evacuation was proceed- 
ing, the entire apparatus was heated to accelerate de- 
gassing. This step frequently took as long as 12 hours. 

After a satisfactory vacuum (near 10~—® torr at room 
temperature) and the desired temperature (generally 
—90, 500, 1500, or 1750 F) had been obtained, the test 
started. First, oscillatory motion (+ 25° amplitude, 31 
cpm) was imparted to the shaft. Next, a fraction of 
the test load was applied, and after 10 to 20 minutes, 
the load was increased to the desired value. For the 
—90F tests, the test load was 900 pounds, giving a 
projected bearing load of 7200 psi for the plain bearing 
or 4400 psi for the self-aligning bearing. For tests at all 
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other temperatures, the test load was 1500 pounds, giv- 
ing a projected bearing load of 12,000 psi for the plain 
bearing or 7300 psi for the self-aligning bearing. 

In general, tests were ended after 5000 oscillations 
(or 160 minutes) except for those tests which ended 
because of specimen failure (generally breaking of the 
shaft), equipment failure, or excessively high friction. 


Results 


UNLUBRICATED 


Several tests of unlubricated plain bearings were con- 
ducted, showing that friction of LT-2 vs. LT-2 in vacuum 
was higher in the bearing tests than in the screening 
tests (Fig. 5). For both types of tests, friction decreased 
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Fic. 5. Unlubricated plain bearing and screening tests in 
vacuum. 


with increasing temperature above 100F, though the 
friction was higher for the bearing tests. The friction of 
R-41 vs. LT-1B increases with temperature up to a tem- 
perature of 1050 F. Transfer of R-41 to LT-1B occurred, 
and the friction should be representative of R-41 against 
itself. The increasing friction with temperature is similar 
to screening results which showed similar trends for 
columbium-base alloys D-31 and F-48 (1, 2). The sud- 
den decrease of friction may result from the lubricating 
properties of the oxides (4), since there is published evi- 
dence (5) indicating that sufficient oxygen for this pur- 
pose may be present even at high vacuum. The higher 
friction of the R-41 vs. LT-1B, when compared with 
the friction of LT-2 against itself, shows that at tem- 
peratures above 600 F there may be an advantage in 
having cermet bearing components when lubrication 
fails. 

Since, in practice, bearings of the types evaluated may 
need to function in ambient pressures ranging up to 
atmospheric pressure, performance in such atmosphere 
is also of interest. In the bearing evaluation program, 
emphasis was placed on the study of performance at 
low ambient pressures, since results from the screening 
program showed that this was the most severe condi- 


tion. For example, screening tests indicated that the 
friction of unlubricated cermet LT-1B vs. LT-1B was 
higher in vacuum than in air (Fig. 6). Other combina- 
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Fic. 6. Friction of unlubricated cermets in screening tests in 
air and in vacuum. 
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tions of the cermets, such as LT-2 vs. LT-1B, and LT-2 
vs. itself, were similarly affected, though to a lesser ex- 
tent. Alloys were more adversely affected than the 
cermets; for instance, the journal bearing tests in which 
R-41 rubbed against LT-1B (Fig. 7) showed that at 
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Fic. 7. Friction of unlubricated plain bearings, R-41 vs. LT- 
1B in air and in vacuum. 


some temperatures friction was approximately three 
times as great in vacuum as in air. 


LUBRICATED 


Friction. The friction vs. temperature characteristics 
of the lubricated plain and self-aligning bearings are 
presented in Figs. 8 and 9. The curves were based on 
average friction values obtained from constant-tempera- 
ture tests of approximately 160 minutes duration, except 
for those foreshortened because of specimen failure, 
equipment failure, or excessively high friction. As can 
be seen, the variation of friction with temperature was 
very similar for plain and self-aligning cermet bearings 
lubricated with MoS, in a cavity and clad silver-pal- 
ladium. Because of this similarity, the curves for cermet 
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Fic. 9. Self-aligning bearings, friction vs. temperature in 
vacuum. 


journals in Figs. 8 and 9 were established taking into 
account data from both plain and self-aligning journal 
tests. In the case of F-48 vs. LT-2 lubricated with 
bonded MoSz, friction was much higher for the plain 
bearing than for the self-aligning bearing. This was 
found to be caused by rapid depletion of the lubricant, 
due apparently to the poor lubricant-retaining ability of 
the plain bearing. Not many tests were run with F-48 
vs. LT-2 lubricated with clad silver-palladium; but the 
results for this combination (not shown in Figs. 8 and 
9) were nearly the same as those for LT-2 vs. LT-2 
lubricated with clad silver-palladium. 

On the basis of Figs. 8 and 9, LT-2 vs. LT-2 lubricated 
with clad silver-palladium gave low coefficient of friction 
(0.3 to 0.4) throughout the entire temperature range. 
However, the performance of this combination was rather 
erratic. Examples of this erratic performance are the 
high friction (0.8) at 1500 F in Fig. 8 and the abrupt 
rises in friction observed in some of the tests in Fig. 10. 
In addition, although friction was usually low during 
high-temperature operation (1500 to 1750 F), welding of 
journal to bearing was often noted after cooling to room 
temperature. 

In the tests at 1500 and 1750F, extrusion of silver- 
palladium was often noted, indicating the alloy had been 
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Fic. 10. 500F plain bearing tests, LT-2 vs. LT-2, Ag-Pd in 
vacuum. 


softened, but no evidence of localized melting was ob- 
served. Rubbing velocity was apparently too low for 
localized melting to occur. 

Lubrication of LT-2 vs. LT-2 with MoS. in a cavity 
proved most successful because friction was similarly 
low except only at low temperatures; friction was always 
nearly constant for any given set of test conditions 
throughout the 160 minute test duration, as shown by 
the results of the three tests plotted in Fig. 11. Seizure 
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was never encountered under any circumstances when 
MoS, in a cavity was used. 

F-48 vs. LT-2 lubricated with bonded MoS. gave com- 
parable performance to cermet bearings lubricated with 
MoS2 in a cavity, as long as the lubricant was not 
depleted. Figure 8 shows that lubricant depletion was a 
problem with the plain bearing because the bearing 
geometry did not enhance lubricant retention. But even 
with more favorable geometry, such as with the self- 
aligning bearing, Fig. 12 shows that the bonded film 
could be worn off in 20 to 50 minutes, giving rise to high 
friction and seizure. 

Wear. Figure 13 shows the wear obtained in 160- 








an of tf ee 2 ea Ue lhe CO 


ra. ~*~ ~- Fe TF 





ee ee 


— 


% 





ac 





High-Temperature, High-Vacuum Oscillating Bearings 17 





1.6 T T T _ 


F-48vsLT-2, BONDED MoS» 
2X 10° TO 5X 10° TORR 


COEFFICIENT OF FRICTION 
@ 
LJ 
| 











0) 40 80 120 160 200 
TIME, MINUTES 


Fic. 12. —90F self-aligning bearing tests, F-48 vs. LT-2, 
bonded MoS, in vacuum. 
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minute tests of LT-2 journal vs. LT-1B bearing lubri- 
cated with MoS, in a cavity. The figure shows that for 
both plain and self-aligning bearings, journal wear was 
greatest at subzero temperatures and decreased rapidly 
with increasing temperature. A similar trend was found 
in earlier screening tests, as shown by the data for LT-2 
specimens tested in air. Figure 13 also shows that the 
ratio of wear rate to bearing pressure was greater for 
the self-aligning journal than for the plain journal. 

The wear of the LT-2 journal and bearing when clad 
silver-palladium was used as the lubricant was com- 
parable to that obtained when MoS, in a cavity was 
the lubricant. Wear was erratic in these tests, undoubtedly 
resulting from transfer of silver-palladium. The thickness 
of the cladding was such that wear and friction were 


essentially representative of silver-palladium rubbing on 
LT-2 or perhaps when seizure occurred, of silver-pal- 
ladium rubbing against itself. One clear-cut and favorable 
wear characteristic of this lubricating technique was its 
low friction and low wear at —90F. This difference 
in wear is shown in Figs. 14 and 15 for 160-minute tests 
at —90F on LT-2 journals lubricated by MoS. and 
clad silver-palladium. 





Fic. 14. LT-2 journal after —90 F test, MoS, in cavity 





Fic. 15. LT-2 journal after —90 F test, clad Ag-Pd 


Wear data for tests in which F-48 rubbed against 
LT-2 lubricated either by bonded MoS, or clad silver- 
palladium were too limited to warrant plotting of curves. 
However, the limited data indicate that wear of F-48 
lubricated by bonded MoS2 was comparable to that of 
LT-2 lubricated by MoSp. 


STRENGTH 


The results of radial load tests on plain journals are 
tabulated in Table 3. The table lists the calculated 
bending stress and the corresponding bearing stress 
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TABLE 3 
Strength of Plain Journals Subjected to Radial Load 
LT-2 F-48 
Bending Bearing Bending Bearing 
Temperature stress stress stress stress 
(°F) (psi) (psi) (psi) (psi) 
—90 31,0002 10,800 _ — 
—90 25,000¢ 8,800 -- — 
—90 25,0002 7,200 —- — 
—90 12,000¢ 3,600 == oa 
90 47,000 14,400 = — 
90 39,000 12,000 -- -- 
500 64,000 38,800 -= — 
500 31,000 13,900 69,0002 31,200 
1500 58,000 26,000 64,000 27,800 
1500 50,000 22,600 — — 
1670 45,000 20,200 74,000 33,600 
1750 50,000 22,600 a= oa 
1750 34,0004 12,000 — —_ 
1825 45,000¢ 12,000 _— _— 





@ Failure occurred during bearing test. 
> No failure. 


(based on projected area) for journals at the breaking 
load or at the maximum load which could be obtained 
in the apparatus. The table shows that F-48 plain jour- 
nals were much stronger than LT-2 plain journals. F-48 
journals withstood bending stresses ranging from 64,000 
to 74,000 psi without failing in the temperature range of 
500 to 1670F; in the same temperature range LT-2 
shafts failed at bending stresses ranging from 31,000 to 
64,000 psi. The strength of LT-2 shafts at —90 F was 
roughly less than one-half of the strength in the tem- 
perature range of 500 to 1670 F. 

No F-48 plain or self-aligning journals were subjected 
to radial load tests at —90 F. 

In all the above tests, only failures of the journals 
were observed. No failures of the bearings were en- 
countered over the entire range of applied loads, which 
corresponded to bearing stresses of about 20,000 psi for 
the plain bearings and 10,000 psi for the self-aligning 
bearings. 

The results of radial load tests on self-aligning jour- 
nals are tabulated in Table 4. F-48 self-aligning journals 











TABLE 4 
Strength of Self-Aligning Journals Subjected to Radial Load 
LT-2 F-48 
Bending Bearing Bending Bearing 
Temperature stress stress stress stress 
(°F) (psi) (psi) (psi) (psi) 
—90 25,0002 4,380 — — 
—90 15,0002 2,780 _ — 
500 45,000 12,300 oe —_ 
500 30,9004 7,300 74,000 20,200 
1500 27,800 7,600 64,000 17,500 
1630 27,500 7,300 74,0008 20,200 
1750 34,300 9,350 a — 





@ Failure occurred during a bearing test. 
> No failure. 


were stronger than LT-2 self-aligning journals. F-48 self- 
aligning journals withstood bending stresses ranging from 
64,000 to 74,000 psi without failure in the temperature 
range of 500 to 1630 F; in the same temperature range 
LT-2 self-aligning journals failed at bending stresses 
ranging from 27,000 to 45,000 psi. The strength of LT-2 
self-aligning journals at —90F was roughly two-thirds 
of the strength in the temperature range of 500 to 1630 F. 


Discussion 

The results indicate that of the three substrate-lubri- 
cant combinations that were more extensively evaluated, 
LT-2 vs. LT-1B lubricated with MoS. in a cavity had 
the best overall performance in the vacuum range of 
10—-® to 10~-* torr and the temperature range of —90 
to 1750 F. At lower temperatures (—90 to 500 F), fric- 
tion was higher for LT-2 vs. LT-1B lubricated with 
MoS, in a cavity than for LT-2 vs. LT-1B lubricated 
with clad silver-palladium. However, of the two com- 
binations, friction of the LT-2 vs. LT-1B combination 
lubricated with MoS, in a cavity was more uniform and 
no cases of seizure occurred when the LT-2 vs. LT-1B 
combination lubricated with MoS, in a cavity was used. 
The substrate combination in this case may be an im- 
portant factor contributing to satisfactory performance 
(1, 2). Thus, in those cases where the supply of MoSe 
was low, friction did not rise above the moderate values 
characteristic of unlubricated LT-2 on LT-1B. MoS, in 
a cavity apparently served a dual purpose. First, it served 
as a solid lubricant in the usual sense; however, this 
friction was not entirely satisfactory as at —90F the 
friction was approximately the same as for unlubricated 
rubbing. Second, at high temperatures (1500 F and 
above), the evolution of adsorbed gases or the dissocia- 
tion or evaporation of MoS» resulted in the formation 
of beneficial films. This was evidenced by a dark blue 
film formed on the cermets. In addition, the friction 
observed in the tests where MoS. was used in a cavity 
was approximately the same as that observed in a test 
using LT-1B and LT-2 specimens with sulfide films, pre- 
formed by heating in H2S. No formation of a film on 
the cermets was observed for those tests in which resin- 
bonded MoS, was used, but it could have been obscured 
by the bonded MoS, film which covered most of the 
exposed area of the cermets. 

Clad silver-palladium on LT-2 vs. LT-2 was effective 
at low temperatures (—90 to 500F). Friction was 
moderate and wear was very low. At higher tempera- 
tures, there was a tendency for welding to occur between 
journal and bearing upon cooling. Friction at high tem- 
perature was usually low, indicating that silver-palladium 
was soft enough to serve as a lubricant. This means of 
lubrication should be satisfactory for continuous high- 
temperature operation, but on cooling seizure would be 
likely, especially if the rubbing members remain sta- 
tionary under load. At subzero temperatures, adhesion 
was evidently small enough to permit effective friction 
and wear reduction. 
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The combination of F-48 journal and LT-2 bearing 
has the advantage of greater strength and impact re- 
sistance than the two previous combinations in which 
LT-2 shafts were used. In tests in which this combina- 
tion was lubricated by clad silver-palladium, the results 
were similar to those obtained in the tests where clad 
silver-palladium rubbed against LT-2. Lubrication of 
F-48 against LT-2 with bonded MoS, was also effective, 
but erratic. Friction was generally low at the start of a 
test but after a short time would rise rapidly to a higher 
value. 

Results indicate that the rubbing properties of the 
cermets, especially when unlubricated, make them at- 
tractive as bearing components for the severe conditions 
imposed on high-altitude vehicles. The chief drawback of 
cermets is their brittleness and low strength in tension, 
especially at low temperatures. However, this difficulty 
can be circumvented by suitable design. Possibly the best 
way is to use a high-temperature alloy shaft carrying a 
cermet sleeve, rubbing against a cermet bearing. Alterna- 
tively, a high-temperature alloy shaft may be used to 
rub directly against a cermet bearing, provided effective 
lubrication is always maintained. Other design expedients 
for alleviating the brittleness problem would include 
providing generous fillets at corners and gradual section 
changes to reduce chipping and to keep stress concentra- 
tions at a minimum, and supporting cermet components 
in flexible mountings to reduce the danger of failure due 
to shock loading. 

In view of the promise shown by the LT-2 vs. LT-1B 
lubricated with MoS, in a cavity, future investigation of 
the effect of cavity size, shape, and location on mitigat- 
ing friction in journal bearings should provide improve- 
ments on the use of this technique. In this investigation, 
the cavity was simply a drilled hole of 1/8 inch diameter 
and 3/16 inch depth. Though a hole of this size in a 
bearing undoubtedly reduces the bearing strength, no 
bearing failures occurred up to stress levels noted pre- 
viously. The region in which the hole was located was 
in compression in these tests, and the cermets are much 
stronger in compression than in tension (6). 


Conclusions 


On the basis of the test results, cermet bearings lubri- 
cated with MoS. in a cavity gave the best overall per- 
formance over a wide temperature range. The coefficient 
of friction was in the range of 0.3 to 0.4 for temperatures 
from 1750 down to 500F, but rose to 0.5 to 0.7 at 
—90F. During the life of 5000 cycles, the wear of 
cermet bearings lubricated with MoS, in a cavity was 
small at high and moderate temperatures but approached 
that of unlubricated bearings at —90 F. However, no 
seizure was ever noted. 


Cermet bearings lubricated by clad silver-palladium 
gave a coefficient of friction of 0.3 to 0.4 in the entire 
temperature range of —90 to 1750F under favorable 
circumstances. The wear was comparable to that of cer- 
met bearings lubricated with MoS, in a cavity, but much 
less at —90 F. The greatest drawbacks of this substrate- 
lubricant combination were its erratic friction behavior 
and the tendency to seize upon cooling after operation 
at high temperatures. 

The F-48 journal vs. LT-2 bearing combination lubri- 
cated with bonded MoS. gave comparable performance 
to cermet bearings lubricated with MoS, in a cavity, as 
long as the MoS. was not depleted. The performance 
was, however, erratic. In many cases, the MoS. film was 
worn off in about 1000 oscillations, giving rise to high 
friction, high wear, and seizure. 

In the strength tests, failures resulting from radial 
loads occurred only in the journals. In the temperature 
range of 500 to 1670 F, LT-2 plain journals failed at 
bending stresses ranging from 31,000 to 64,000 psi, and 
LT-2 self-aligning journals failed at bending stresses 
ranging from 27,000 to 45,000 psi. The strength of both 
types of LT-2 journals was reduced at both higher and 
lower temperatures. F-48 plain journals and self-aligning 
journals withstood bending stresses of 64,000 to 74,000 
psi without failure in the temperature range of 500 to 
1670 F. 
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Metallic Cohesion in High Vacuum’ 


By JOHN L. HAM? 


By repeatedly breaking and re-joining notched cylindrical specimens and measuring the true 
stresses involved, the effects on cohesion of temperature, environmental pressure, time apart and 
time in compression were evaluated. Compressive stresses were kept as high as possible without 
increasing specimen diameter excessively. Type 1018 Steel and OFHC Copper were studied in the 
25 C to 500 C temperature range and in the 10—9 to 10—§ torr pressure range. Results are presented 
in the form of graphs relating per cent cohesion to the cumulative product of the time apart and 
the pressure while apart. The maximum cohesion obtained at room temperature was about 19% for 
the steel and about 12% for the copper. About 30% was obtained at 90C on copper. Either ex- 
posure at low temperature to residual vacuum system gases reduces cohesion more than exposure 
at high temperature for both steel and copper or work hardening greatly reduces cohesion. 


Introduction 


THE interface between two pieces of metal will disappear 
or be replaced by a fundamentally different type of inter- 
face such as a grain boundary if the temperature and 
time in contact are sufficiently high and if the surface is 
free of foreign atoms or the foreign atoms dissolve in the 
metal during the time in contact. It is conceivable that 
interface erasure is instantaneous regardless of tempera- 
ture at all points actually in contact; but it may be that 
when temperature is low enough, surfaces can be in 
contact for finite times without the occurrence of bonding. 

In order to obtain data for testing of various theories 
on this subject, cohesion must be studied under condi- 
tions permitting accurate knowledge of the temperature 
at the interface and, if cohesion is to be measured directly 
as the stress required for fracture, the apparent contact 
area must also be accurately known. Furthermore, join- 
ing must be accomplished in the complete absence of 
surface films. Cohesion can be obtained by sliding one 
surface along another, even in air; but data obtained 
under such conditions are extremely difficult to interpret 
theoretically due to uncertainties in interface tempera- 
ture and film-free area. 

By repeatedly breaking and re-joining notched tensile 
bar type specimens in high vacuum, a few data have 
been obtained on the degree of cohesion of 1018 steel 
and of OFHC copper at various temperatures, times, 
joining stresses and degrees of contamination. The studies 
of the effect of time in contact, while the surfaces were 
still clean, have not progressed sufficiently to draw con- 
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clusions as to whether nucleation and growth or only 
creep is involved. The effect of contamination by ex- 
posure, however, is evaluated and the effect of time in 
contact on the cohesion of slightly contaminated surfaces 
is demonstrated in some instances. For further details 
see Ref. (1). Important previous work along these lines 
has been reported by Ling (2), Gwathmey and Dyer 
(3), Mason (4), Bowden and Rowe (5) and Holden e¢ al. 
(6). 


Experimental procedure 


The apparatus shown in Figs. 1 and 2 is connected to 
a vacuum system capable of attaining 5 & 10~—?° torr. 
Using this apparatus, notched tensile bars are pulled 
apart by heating the side legs with hollow electrical 
resistance elements located concentrically therein. All 
three legs are of 304 stainless steel and project through 
the top plate to which they are welded as shown in 
Fig. 1 but not in Fig. 2. To re-join the specimen, the 
side legs are cooled by passing liquid carbon dioxide 
through the heating elements and allowing it to expand 
in the annular space within the legs. Either hot or cold 
water is circulated through the top half of the middle 
leg. 

Force is measured by electrical resistance type strain 
gauges arranged in a full bridge and glued with epoxy 
to thin copper-beryllium alloy bushings just above and 
below the cross block at the bottom of Fig. 2. The 
bushings are pre-loaded to 2500 lb force by adjusting 
the lock nuts shown. Specimen diameter is selected to 
match the + 2500 lb range of this load cell. 

The specimens are heated for initial outgassing or 
annealing and for elevated temperature tests by electron 
bombardment from thoria coated tungsten wires (see 
Fig. 2) which pass through holes in the specimen. About 
350 milliamperes at up to 2000 volts are available. 

The specimen is screwed into stainless steel adapters 
which contact the collets of the middle legs only through 
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heat chokes comprised of stacks of thin stainless steel 
washers. Specimen alignment is maintained by molyb- 
denum sheet webs with holes which exactly fit the 
specimen just above and below the notch. Thermocouples 
are spot welded to the specimen shoulders just above and 
below the notch and also to various other parts of the 
apparatus. Strain gauge heating is prevented by water 
cooling the bottom half of the middle leg. 

All temperature and force data are read out on re- 
corder charts, with time apart or together shown on the 
force recorder chart. System pressure is read from an 
externally mounted ionization gauge. 

Specimen diameter at the base of the notch is read 
to within 0.002 cm by a cathetometer. This is a very 
important item since considerable reduction of area may 


occur on the first break, and it is necessary to adjust the 
subsequent compressive force to regain but not greatly 
exceed the original diameter. Figures 3 and 4 depict 
the scene through the cathetometer during tests on 
steel. The apparatus was first tried for joining polished 
faces, but it soon became apparent that cleaning was 
a major problem and that after the first break the surface 
was just as rough as a virgin fracture if cohesion was 
appreciable. Obviously, for measurements of adhesion 
(joining of dissimilar metals), the polished face tech- 
nique will have to be used. 


Results and conclusions 


The results are presented in Figs. 5 through 12 show- 
ing per cent cohesion as a function of the cumulative 





Fic. 1. Cohesion testing assembly mounted on an ultrahigh vacuum system 
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product of the time apart and the system pressure while 
apart starting from the virgin break. Per cent cohesion 
is 100 times the ratio of the measured fracture force per 
apparent unit area, divided by the virgin true fracture 
stress. The unit (10~7 torr-min) was chosen since it 
represents roughly the time required for the impinge- 
ment of enough atoms of a gas such as nitrogen to form 
one monolayer at room temperature if the sticking co- 
efficient were 0.25. The numerals opposite the experi- 
mental points represent total time in contact measured 
from the first measurable compressive force to the time 
of the break. Likewise the time apart included in (=P?) 


is measured from the time of the last break to the time 
of the first measurable compressive force next applied. 

Ideally, a new specimen should be used for each new 
temperature to be investigated, but it was found that 
specimens repeatedly tested at a low temperature, until 
cohesion was low due to contamination, could usually 
be brought back from 60% to 80% cohesion (measured 
at the low temperature) by holding in contact for 15 
minutes to 1 hour above the recrystallization tempera- 
ture. Since 60% to 80% of the area of the next break 
is then clean, useful data can still be obtained with the 
same specimen. 





Fic. 2. Cohesion test apparatus designed to repeatedly break and re- 
join metallic materials in ultrahigh vacuum (test area is notched specimen 


at center of photo). 
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Individual specimens of 1018 steel were tested at 
500 C, 300C, 150C, and 25C, respectively; tests at 
150 C and 250 C being subsequently applied to the speci- 
mens initially ruptured at 25C. Two specimens of 
OFHC copper were tested, one at 400C followed by 
numerous tests at lower temperatures and the other at 
25 C followed by tests at 200C and 400C. The graphs 
of Figs. 5 through 12 represent selected tests in this 
series. Details of the complete series are incorporated 
in a government report (/). Although higher cohesion 
values for copper at 400 C were obtained in the earlier 
tests, they are not reported here since diameter was not 
measured and timing was poor. 

The actual stresses associated with the per cent co- 
hesion values and compressive yield stress depend on 
the absolute accuracy of the force and diameter measure- 
ments, whereas the per cent cohesion itself and the (C) 
values depend only on the relative accuracy of the force 
measurement. (C) is the compressive stress applied 
divided by that required for a diameter increase. Usually 
both compressive yield stress and initial rupture stress 


were measured at the temperature involved but, in some 
cases, only one was obtained and the other assumed to 
be the same or estimated from other tests. The stress 
values corresponding to 100% cohesion and to the 
compressive yield stress for the various graphs are 
presented in Table 1. 


TABLE 1 
Stress Values Corresponding to 100% Cohesion 
and to Compressive Yield 





Yield Virgin (100%) 











Fig. Temp. Stress Cohesive Stress 
No. Material x) (psi) (psi) 
5 1018 Steel 500 35,200 50,2004 
6 1018 Steel 300 104,000 169,000 
7 1018 Steel 150 118,300 171,000 
8&9 1018 Steel 25 104,600 149,0002 
10 OFHC Copper 90 55,400 112,200 
11 OFHC Copper 25 55,400° 112,200 
12 OFHC Copper 400 11,370 16,2004 
@ Assumed. 





Fic. 3. Cohesion test specimen of 1018 Steel in contact as seen through cathetometer 
used for measuring diameter at base of notch. 
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TEsts ON 1018 STEEL 


Figure 5. At 500C, 1018 steel retains 90% cohesion 
up to 45 < 10-7 torr-min and 80% cohesion even up 
to 2600 & 10-7 torr-min exposure to residual vacuum 
system gases. Cohesion percentage drops to 55% at 
3000 10-7 torr-min exposure to air and to 30% at 
5500 10-7 torr-min exposure to air. (These high {Pt 
values were obtained by bleeding room air into the 
system.) This remarkable tenacity under such severe 
contamination is ascribed to the reduction of surface 
oxide by diffusion of carbon to the surface combined 
with solution of impurities at the high mechanical pres- 
sure (C = 0.9) at the interface. 

Figure 6. At 300 C the per cent cohesion of 1018 steel 
is down to 33% after 10 X 10~* torr-min exposure to 
residual gases and falls off at a rate indicating that even 
when perfectly clean only 50% might be obtained. Ap- 
parently 30 10-7 torr-min is more damaging at 300 C 
than at 500C, since only 70% was obtained after re- 
joining at SO0C for 55 minutes, whereas 90% was 
previously obtained in 5 minutes at 500C (see Fig. 5). 
Cohesion at 300 C after the 500 C weld is a little higher 


than would be expected from the (Pt) value if the 
500 C weld had not been made. 

Figure 7. At 150C per cent cohesion of 1018 steel is 
down to 35% after only 1.1 & 10~—7 torr-min exposure to 
residual gases. It is possible that the sharp break in the 
curve at 1.25 X 10-7 torr-min represents the comple- 
tion of a monolayer of contaminant at the interface. 

Figure 8. After a virgin break at 25 C, cohesion is down 
to 15% at only 0.11 & 10~7 torr min and then falls off 
in a manner suggesting a fundamental limit to per cent 
cohesion in a given time even when surfaces are covered 
by much less than a monolayer. The subsequent decline 
to 5% cohesion is believed to be due to surface migra- 
tion onto the fractured surface from the adjacent con- 
taminated surface. Probably the apparent “fundamental 
limit” is fictitious. Resolution of this question must await 
installation of equipment for cleaning the sides of the 
specimen by electron or ion bombardment. The slope of 
the curve in Fig. 8 is deceptively low due to the low 
(C) values and the increasing time-in-contact values. 

Figure 9. These additional points for 1018 steel at 25 C 
for a well-controlled experiment show that the drop to 





Fic. 4. Cohesion test specimens of 1018 Steel 0.030 inches apart 
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Numerals = Minutes in contact C=Comp.stress applied / Comp. yield stress 
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Numerals = Minutes in contact C=Comp.stress applied / Comp. yield stress 
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Fic. 7. Per cent cohesion of type 1018 Steel 


10% or 15% cohesion in only 0.1 & 10-7 to 0.2 « 10-7 
torr-min (see Fig. 8) can be demonstrated after a 63%- 
500 C weld as well as after a virgin break. However, 
as in Fig. 8, the slope may be low due to variations in 
(C) and (¢). 

Thirty minutes at 500C after 8.2 X 10-7 torr-min 
total low temperature exposure produces 65% cohesion 
on type 1018 steel as measured at 25C. Since 90% 


t =Minutes in contact C=Comp.stress applied / Comp yield stress 





100 




















(Virgin) 
** 25°C 
60+ 
} \ 
3S a 
. \ 
Zot 
8 \ 
\ 
-_ \ 
i ” \059 059 054 047 —C 
| \6 7 18 i2zi —¢t 
20+ ‘ 
re) 1 1 1 
0 Ol 02 03 04 
= pt (10°? Torr min.) 
Fic. 8. Per cent cohesion of type 1018 Steel 
t =Minutes in contact C=Comp.stress applied /Cormp. yield stress 
100r 
25°C 
80 r 
| 30 min 
c 
2 . ° 
F gots500° 
8 _ 
N 
-_ \ 
§ | “ 
; ‘ 0.54066 0.95 0.86 10 0.97 -—C 
| \ 1717 16 22 18 i22—t 
20h \ 
\ 
\ 
| ii i 
ol i tL i 
82 84 86 88 90 


= p-t (107? Torr min.) 
Fic. 9. Per cent cohesion of type 1018 Steel 


cohesion was previously obtained even after 50 & 10-7 
torr-min high temperature exposure, it is concluded that 
low temperature exposure is the more damaging. This is 
ascribed partly to higher gas sticking coefficients at 
lower temperatures but mainly to the migration of gas 
films from adjacent surfaces onto the initially clean 
fractured surface, since at low temperature these ad- 
jacent surfaces would probably be more thoroughly 
covered by mobile gas films than at high temperature. 


Test oN OFHC Copper 


Figure 10. This figure represents the first tests on 
copper in which the diameter was monitored during 
testing. The curve shows the highest low-temperature 
cohesion measured on copper, namely 30% at 90C. 
Judging from the slope of the curve, though, higher 
values might be obtained at lower (Pt) values. (Pt) 
for the first test was 3.4 & 10-7 torr min. Cohesion fell 
to about 10% on the third break and stayed near this 
value even when the time in contact was changed from 
5 to 129 minutes. Temperature decreased from 90C to 
25 C during this test, which may explain the apparent 
zero average slope at the end since the metal is slightly 
stronger at 25 C than at 90C. 
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Fic. 10. Per cent cohesion of O.F.H.C. Copper 


Figure 11. Twenty-five minutes at 410 C after 14.2 
10~-7 torr-min total low temperature exposure produces 
38% cohesion on OFHC copper as measured at 25 C. 
Since 58% to 74% had previously been obtained even 
after 2681 10-7 torr-min high temperature exposure 
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Fic. 11. Per cent cohesion of O.F.H.C. Copper 


(1), it is concluded as in the case of steel that low tem- 
perature exposure is more damaging than high tem- 
perature exposure. At 0.2 & 10-7 torr-min after a break, 
an inflection occurs suggesting the completion of a gas 
monolayer. 

Figure 12. The first point on this curve is anomalous, 
and the reason is not known. The importance of this 
curve lies in the fact that a very definite dependence 
of per cent cohesion on time in contact is demonstrated 
for copper at 400 C even with (C) values high enough 
to make perfect fit probable. 


Discussion 


One theory (2) of cohesion postulates nucleation and 
growth. Another (6) postulates an immediate initial 
bonding at small areas followed by growth. If it were 
possible to bring perfectly clean surfaces into 100% 
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Fic. 12. Per cent cohesion of O.F.H.C. Copper 


contact with perfectly uniform compressive stress, meas- 
urements of the subsequent tensile stress to rupture 
should show whether surfaces can exist in contact for 
finite length of time without bonding. The experiments 
described herein were designed to insure cleanliness by 
fracturing and quick rejoining at low ambient pressure, 
and to minimize the stress gradients and obtain maxi- 
mum per cent contact by applying compressive forces 
sufficient for significant flow. As shown by the graphs 
neither of these objectives were consistently met and 
further refinements in technique are required. By side 
surface cleaning and the use of shorter exposure times, 
tests on perfectly clean surfaces can undoubtedly be 
made. The stress gradient question reverts to the ques- 
tion of how much compressive strain is required to 
reduce stress gradients to the point where they will not 
cause bond rupture when the compressive force is re- 
moved and will not significantly reduce the subsequent 
tensile force for fracture. The amount of strain required 
depends on the ratio of flow stress to modulus of elasticity 
which in turn depends on temperature, initial hardness 
and the work hardening coefficient. 


However, it may be possible to evaluate the time- 
temperature relationship characteristic of the phenomena 
by evaluating the time required at various temperatures 
for a certain fixed degree of completion with all other 
variables held constant. This is the planned approach 
to the fundamental portion of this work. 


In the tests represented by Figs. 7 and 8 and in some 
later tests not reported here, both the time apart and the 
pressure while apart were so low for the first few breaks 
as to possibly limit contamination by impingement to 
less than a monolayer and by surface migration to a 
small fraction of the fractured area. If so, some other 
factor such as work hardening must cause the initial 
rapid drop in per cent cohesion from one break to the 
next. 

The fact that exposure at low temperature seemed to 
be more damaging than exposure at high temperature 
might then actually reflect the fact that work hardening 
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was involved below the recrystallization temperature but 
not above. Only above the recrystallization temperature 
was the per cent cohesion more or less independent of 
time apart or of the number of breaks, though dependent 
on time in contact (see Figs. 5 and 8). This could re- 
flect either clean side surfaces, low sticking coefficient of 
the impinging gases, or lack of work hardening. 
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DISCUSSION 


L. D. Dyer (General Motors Research Laboratories, Warren, 
Michigan): 


This report contains interesting experimental data on contamina- 
tion of steel and copper surfaces by impingement and surface- 
migration of gases. The most significant observation seems to be 
that, for separation times insufficient to allow contamination by 
the atmosphere, cohesion was still strongly reduced if the tem- 
perature was below the recrystallization temperature. The author’s 
suggestion that work-hardening during the breaking process causes 
this effect seems reasonable to me because it resembles the inverse 
of the Brinell test, which is known to produce substantial work- 
hardening itself. 

I should like to call attention to the mode of plastic deforma- 
tion and work-hardening in this process to illustrate why the 
inverse situation work-hardens to essentially the same extent as 
the indenting process. The pattern of stream lines of plastic flow 
consists essentially of a series of converging cones outside the 
punched area and a series of diverging cones inside that area, with 
a smooth transition region separating the two series (A1). In 
single crystals, the transition will probably be much sharper be- 
cause of the scarcity of planes of easy glide (A2). This plastic 
flow process actually takes place by means of crystal dislocations, 
moving on slip planes so as to approximate as closely as possible 
the theoretical flow surfaces. With the two sets of surtaces just 
described, two sets of dislocations are naturally brought into 
proximity and they are usually of such a nature as to join perma- 
nently, thus causing work-hardening. This work-hardening is not 
dependent on the sense of the plastic flow, but only on the mag- 
nitude of the energy differences between reacted and reactant 
dislocations. 

I should like also to ask two questions: (1) How are the speci- 
mens and the adjacent components now prepared and cleaned? 
and (2) What is the order of magnitude of time that the author 
thinks the specimens could remain at atomic contact without 
bonding? 

REFERENCES 
Al. Pracer, W., and Honcg, P. G., “Theory of Perfectly Plastic 


Solids,” p. 169, John Wiley, New York 1951. 
A2. Dyer, L. D., Acta Met. 9, 928 (1961). 


F. F. Linc (Rensselaer Polytechnic Institute, Troy, New York): 


The author has designed an interesting device for studying co- 
hesion and is to be congratulated. There are a number of ques- 
tions which the writer would like to ask: 


(1) In the expression =Pt, what were the pressures used? 

What were the individual time intervals used? 
(2) Are the percentage cohesion associated with the forces 
causing the breaks equal for each breaking? 
With regards to the total time in contact, what were the 
individual time intervals in contact? 
(4) In the discussion, the author states “. . . it may be possible 
to evaluate the time-temperature relationship characteristics 
of the phenomena by evaluating the time required at various 
temperatures for a certain fixed degree of completion with 
all other variables held constant. This is the planned ap- 
proach to the fundamental problem of this work.” The 
writer wonders why such information is not included in 
the paper? 
If the author has such data, how well would the data fit 
the writer’s simplified formation for adhesion [AFOSR-TN- 
58-28 (1958)]? The formula reads: 

o = 0, exp {—Q’/RT}t®, 

where o is the coefficient of adhesion; 6), a constant; Q’, 
the reduced activation energy of the process; R, the uni- 
versal gas constant; T, the absolute temperature at the 
interface; t, the duration of loading; and n, the reduced 
time exponent. 


(3 


~ 


(5 


~ 


AuTHOR’s CLOSURE: 


Dr. Dyer’s discussion is very welcome. Even though the Bausch- 
inger effect must be taken into account in relating true stress to 
true strain at the base of the notch as measured by alternate in- 
creases and decreases in diameter, the work hardening should 
depend only on the magnitude of the energy differences between 
reacted and reactant dislocations regardless of the sense of the 
plastic flow. 

The specimens and adjacent components were cleaned by wash- 
ing in acetone and then in ethyl alcohol. However, the specimens 
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TABLE Cl 
Pressure and Time Ranges 
Figure Temperature Time apart Pressure 
number Material (€) (min) (torr X 107) 
5 steel 500 10 to120 2.0 to3.0¢ 
6 steel 300 2 to19 0.26 to 1.10 
7 steel 150 1 tol5 0.20 to 0.29 
8 steel 25 0.5 to 2.0 0.050 to 0.063 
9 steel 25 1.0 to 4.0 0.042 to 0.050 
10 copper 25-90 1 to4 0.175 to 3.40 
11 copper 25 1 to120 0.044 to 0.050 
12 copper 380-420 1.0 0.46 to 1.05 



















was intentionally admitted on breaks No. 6 and 7. 


were then cleaned by heating in vacuum prior to fracturing. Cop- 
per specimens were heated to 400 C and steel specimens to 700 C 
and held until pressures on the order of 10—® torr were obtained 
before cooling to the test temperature and fracturing. 

It must be presumed that atomic contact and bonding are 
synonymous in the absence of any data to the contrary. Though 
no measurable cohesion was found between freshly fractured sur- 
faces of hardened 52100 steel at room temperature even after 
exceeding the yield stress in compression, it is possible that the 
pieces were perfectly bonded while the compressive load was 
exerted. 

I wish to thank Dr. Ling also for his very pertinent question 
and comments. The individual values of ¢ and P in the parameter 
=Pt are given in Appendix A of “First Annual Summary Report” 





®@ Except for break No. 1 and 6 (P = 20 X 10-7 torr) and No. 7 (P = 200 X 10-7 torr). Air 


of Reference (1). The above table gives the pressure and time 
ranges corresponding to each of the eight graphs presented. From 
these and the =Pt values of the graphs, the approximate individual 
exposure time can be deduced. 

Per cent cohesion refers to the ratio of apparent stress for frac- 
ture to apparent stress for the original fracture and drops off from 
break to break even when exposure is low enough to probably 
prevent contamination (see Fig. 8). Its relationship to per cent 
bonded area depends on notch geometry. The numerals on the 
graphs refer to the individual time in contact intervals. 

Unfortunately, measurements of time required at various tem- 
peratures for fixed degrees of cohesion have not progressed far 
enough to permit comparison with the simplified adhesion formula 
presented by Dr. Ling. 
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Frictional Characteristics of Cobalt, Nickel, and Iron 
as Influenced by Their Surface Oxide Films 


By R. T. FOLEY,' M. B. PETERSON (ASLE),? and C. ZAPF* 


Friction-temperature-time curves were obtained with the pure metals cobalt, nickel and iron 
sliding against themselves in various gases at temperatures to 1400 F. In general, the frictional 
behavior confirmed that of earlier work where the atmosphere was not as rigidly controlled. The 
friction of cobalt appears to be controlled by two processes; at high temperatures it is oxidation 
controlled; at low temperatures the friction is low. This is attributed to absorption of gases on 
cobalt or cobalt oxide or the inherent effective sliding of the cobalt-cobalt combination. Iron 
oxide films were found to be very durable at the temperature at which they were formed. 


Introduction 


THERE has been considerable discussion in the lubrication 
field relative to the beneficial effects of oxide films in 
sliding. For example, it has been demonstrated that the 
presence or absence of an oxide film on the surface will 
determine if effective sliding or severe wear and galling 
will occur (1-4). Further, it is known (2) that an oxide 
film is necessary for effective boundary lubrication; con- 
ventional boundary lubricants are not effective for non- 
oxidizing metals or on metals from which the oxide film 
has been removed (5). It is generally recognized that the 
oxide film is of particular significance in the selection of 
materials for high temperature sliding contacts. In spite 
of the importance of the oxide film in sliding, surprisingly 
little effort has been directed toward understanding the 
reasons for its effectiveness or the conditions under 
which it will be most effective. In order to gain some 
insight into the role of oxide films, some experiments 
were conducted with pure metals sliding against them- 
selves at high temperatures (12). In that study, a peak in 
the friction-temperature curve of cobalt was reported. 
This peak was also confirmed by Rabinowitz. It was felt 
that an explanation of this behavior would give further 
understanding of the role of the oxide in sliding. For this 
reason, some more precise experiments were conducted 
with the metals cobalt, nickel, and iron. 


The purpose of these experiments was to check the 
friction changes reported in reference (12) under more 
carefully controlled conditions and to compare the results 
with the known oxidation behavior of the metals (7-11). 
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Summary 
CoBALT SLIDING ON COBALT 


The unusual friction-temperature curve characteristic 
of cobalt sliding on cobalt on which low friction is ex- 
hibited at room temperature, a maximum at about 1000 F 
and a minimum at about 1200 F (see Fig. 3, below), 
appears to be related to two different processes. The 
processes may be independent of each other; one occurs 
at low temperature (room temperature to 800 F) and 
the other at high temperature (above 1000 F). The low 
friction at room temperature, even in such gases as argon, 
helium, or hydrogen-nitrogen mixtures, has not been fully 
explained. However, several suggestions have been made: 


(1) Adsorption of gases on cobalt or cobalt oxide; 

(2) Protection by exceedingly thin films of cobalt 
oxide; 

(3) Effective sliding of the cobalt-cobalt combination. 


The maximum in the friction-temperature curve is as- 
sumed to represent a point where this loosely bonded 
layer is no longer retained and at which activated oxida- 
tion does not occur at a sufficiently rapid rate. At high 
temperature (above 1000 F ) oxidation is sufficient to 
form a relatively thick protective film. At 1400 F, the 
oxide spalls off the surface. 


TRON SLIDING ON [RON 


As distinguished from the cobalt case, the inert gases 
do not lower friction except for a post air effect discussed 
below. 

Two particularly important and unexpected results 
were found with iron. In tests at 350 F, it was found that 
if argon was introduced after running in air, effective 
sliding would continue for long periods of time. This 
fact indicates that the rate of removal of the oxide 
film by wear proceeds slowly and can be eliminated from 
kinetic studies. Secondly, the film formed at 350 F in air 
and maintained in argon is stable over a very narrow 
temperature range. Moving from 350F to either 80 or 
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500 F causes an increase in friction presumably because 
the film is destroyed. The films that are effective for iron 
are calculated to be extremely thin at all temperatures. 


NICKEL SLIDING ON NICKEL 


The explanation for the reduction in friction of nickel 
sliding on nickel in the 1200 to 1400 F range appears as 
previously reported to be one of forming a sufficiently 
thick oxide film. 


Experimental 


For these tests under continuous sliding conditions, a 
pin-on disk rig was used. It consisted of a hemispherically 
tipped rider bearing against a flat face on a rotating disk. 
A schematic of the apparatus is shown in Fig. 1. 


MICROMETER 
AIR GAGE 


\ \ 


-—COOLING JACKET 





—SLIDER SPECIMEN 
<—DISC SPECIMEN 


Fic. 1. Friction apparatus 


The flat disk is mounted on a support table which was 
driven at a speed of 28 rpm (11.9 ft/minute). All hori- 
zontal surfaces were ground so that there was less than 
one mil “runout” in operation. 

The rider was held in an arm which was free to move 
in any direction. A load of 7 pounds was applied by a 
dead weight system. In operation, the arm was restrained 
through a dynamotor ring on which strain gages were 
mounted. These gages were connected to a photoelectric 
recorder so that the friction force would be continuously 
recorded. The magnitude of the friction force was deter- 
mined by calibrating the system with dead weights. 

A furnace surrounded both specimens, which allowed 
operation at any temperature up to 1500 F. The tem- 
perature was controlled at a given temperature through 
a thermocouple which was mounted on the wall of the 
furnace. The temperature of the specimens was measured 
by initially calibrating a thermocouple mounted on the 
rider holder and in contact with the flat with one which 
was welded to the surface of the flat. A stainless steel 
jacket inside the furnace completely surrounded the 
specimens leaving only a clearance hole for the slider. 
The tubing carrying the gas which supplied the atmos- 
phere was wrapped around the jacket to insure heating 
to operating temperature. The gas inlet was within 1/4 
inch from the sliding interface. The gases, argon, helium, 
carbon dioxide, nitrogen, oxygen, and “forming gas” were 
passed into the furnace at a flow rate of 0.5 cubic feet/ 
minute. 





The gases that were used are as follows: 


(1) Plant nitrogen of 99.4 purity (contains 0.25% Oz 
and 0.34% A, mass spectrometer) with a dewpoint 
less than —60 F; 

(2) Helium of 99.99% purity (dewpoint —76 F; COs, 
0.00058%; A, 0.00005%; He, 0.00003%; Naz, 
0.0018% ; CH,, 0.000001% ) ; 

(3) Argon of 99.998% purity (H2O, 0.5-1 ppm; Noe, 
1-2 ppm; Os, 0.5—1 ppm); 

(4) Oxygen of 99.5% purity (dewpoint of 76F; No 
max 0.05%); 

(5) Forming gas, a Hs—N» mixture containing 5% He 
and 95% Ne. Os, 0.01%; HO, 0.1% by mass 
spectrometer ; 

(6) COs of 99.95% purity with a dewpoint of —30 F; 
Nog and Os, 0.05% ; oil content less than 5 ppm; 

(7) A mixture of No and Os was used in many tests 
instead of air, the object being to exclude im- 
purities such as HO, COs, etc., that are found 
in laboratory air. The flow of the No was 0.36 
cubic feet/minute and that of Oc, 0.14 cubic feet/ 
minute. 

Three metals were used: 

(1) Cobalt of 99.5% purity (Ni, 0.3; Fe, 0.05; C, 
0.02; CoO, 0.03; Mn, 0.02; S, 0.001; Si, 0.02; Cu, 
trace; 

(2) Iron of high purity (C, 0.05 max; Si, 0.02; P, 0.07 
max; S, 0.005 max); 

(3) Nickel of 99.4% purity (Cu, 0.1; Fe, 0.15; Mn, 
0.25; Si, 0.05; C, 0.06; S, 0.005). 

After machining and grinding to a surface finish of 
8-16 RMS the specimens were annealed in dried He at 
700 C and then cooled in Hz to room temperature. 

The following procedure was used for these tests: 
The stress relieved friction specimens were cleaned by 
using repeated applications of levigated alumina and 
water. They were then rinsed with pure alcohol. The 
cleaned specimens were put into position and the load 
of seven pounds was applied. The furnace was moved into 
position, and the specimens were brought to the desired 
testing temperature. Friction was continuously recorded 
for the run at constant temperature which was usually 
of 30 minutes duration. This was the so-called ‘“‘iso- 
thermal” test. During this time there was a continuous 
flow of a particular gas over the sliding surfaces. 

In several experiments in addition to the so-called 
“isothermal” tests in a single atmosphere the apparatus 
was held at a single temperature and different gases were 
run in successively. Thus a run might be started in an 
inert atmosphere and continued in an oxidizing atmos- 
phere, then a reducing, then an inert, etc. Thus the 
effect of an oxidizing film separate from any change in 
the mechanical properties of the metal would be studied. 
In addition, the rapidity of the response to the various 
atmospheres was determined. 
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Results and discussion 
CoBALT SLIDING ON COBALT 
The coefficient of friction as a function of time at 


various temperatures is given in Fig. 2, and the co- 
efficient of friction-temperature effect in Fig. 3. During 
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f, COEFFICIENT OF FRICTION 


0 10 20 30 
TIME - MIN 


Fic. 2. Effect of sliding time on the coefficient of friction for 
cobalt sliding against cobalt at various temperatures. 


the 30 minute test in the dry Ns—O» atmosphere the 
friction reached a steady value of approximately 0.35 up 
to about 800 F at which point it rose to 0.63 (a maxi- 
mum) at 1000 F, then dropped to a minimum at 1200 F, 
and then rose again at 1400 F, the upper limit for the 
testing apparatus. These results check previous data 
obtained under slightly different conditions (12), and 
that obtained by Rabinowitz (see reference 12) using 
the stainless steel-cobalt combination. Two runs were 
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made at 1200F which established with certainty this 
minimum value. The friction-time curves are of interest 
because they tell how rapidly a given value is achieved 
and whether or not there is a trend in the friction with 
running. Thus, at all temperatures except 1400 F, a rea- 
sonable steady state in friction and, one would conclude, 
in surface reaction is obtained after the first minute of 
operation. At 1400 F, the friction rose slowly for the first 
18 minutes before assuming a steady value. Thus, the 
surface reaction that accounts for the low friction at 
80, 400, and 800 F, and then again at 1200 F, is a rapid 
reaction. The plot of the 30 minute values shown in 
Fig. 3 suggests that at least two surface processes are 
involved. The “low temperature” process is effective up 
to 800 F while a second process begins to operate slightly 
above 1000 F. The results above 1000F are under- 
standable. In the inert and reducing atmospheres, a 
stable oxide film cannot be formed in sufficient thickness; 
high friction and increased wear results. In air, sufficient 
oxidation occurs. This then is the same effect which was 
found (described below) for Ni and Fe above the so- 
called transition temperature. Accordingly, the high tem- 
perature process was not investigated further. Work was 
then directed toward gaining a better understanding of 
the low temperature process. First a longer run was made 
in air and in forming gas. These results are shown in 
Fig. 4. It can be seen that in the reducing atmosphere of 
forming gas, friction remains low, while in air, friction 
increases to a value of 0.78 after 5 hours. 

From these data one might conclude that the oxide 
film initially formed in air was worn away after several 
hours and friction then increased due to the increased 
metallic contact (6). However, examination of the wear 
surfaces showed that a continuous thick oxide film was 
built up and little surface damage resulted. This fact 
was confirmed in two ways: 




























































































” Bee "FORMING GAS 
} ra - Y47 | Np - 0» ATMOS 
=e ee es 14+ fa —_+— 4 ARGON ATMOS 
- hy) ASS! [|e OXYGEN 
3 100} RN Tf te 
= SS 
ae ues aoe cee Oem Gee Gees SS @ HELIUM 
ao SS ¥| | 
= ——- = Sy + | T T a cam | 
35 Se ee ee ee | 4 4 4 i { eel 
.o————— bel I |_| 
ui } a % / 
oO WN | | | 4 
rs SIS a? 3 T 
Sao & Wr" | IN YLT | 
8. SP io a 
| LOW TEMPERATURE | |_| HIGH TEMPERATURE, | 
2 P| PROCESS process | | ||| 
SSL TRAE e RHE RBS 
oe oe ee ee =e we 7 a ae = 
0 500 1000 1500 2000 


TEMPERATURE °F 


Fic. 3. Effect of temperature on the coefficient of friction of cobalt sliding 


against cobalt in various gases. Sliding time—30 minutes. 
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aT GU WEN God and in nitrogen-hydrogen mixtures was to learn the 
IS PLACED IN FRONT OF SLIDER effect of inert atmospheres and reducing atmospheres. 
In the evaluation of the results in these atmospheres two 
points should be kept in mind. The first is that argon 
does contain traces of oxidizing impurities which might 
be selectively adsorbed even though these impurities are 
present in the ppm range. The second point is that there 
is a possibility of air leakage into the lines even though 
every effort has been made to minimize this leakage. 
If this leakage were a factor, the high f value in argon 
at 1200 F would not be observed. It can be said of the 
argon and helium atmospheres that they represent atmos- 
pheres that are generally inert chemically and that any 
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Fic. 4. Effect of sliding time on the coefficient of friction for 



























































































cobalt sliding against cobalt in various atmospheres at 80 F. a | | | | | | | | | aie iapy ty Fl « 
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existence of an open circuit, and ~ ~~ Sart 2 oe ne 
(2) clean specimens run at room temperature in air a OURS. be bo ode ob q | me ie 
gave an immediate increase in friction from 0.38 - er Bem. tet] | 
to 0.82 when CoO was placed in the sliding track S 50; : a ar SE ek a ee 
i 40 a T 
ae 8 pate ta te tot terre | 
The oxide film was identified as CoO (Table 1). o a S2ZRSRRe | | | | | 
TABLE 1 sn On a en Oe a T T r— 
X-Ray Analysis of Powder Formed During Sliding 05 —— an it = —_—_— s . 
(Atmosphere—air ; temperature—80 F ; Co versus Co) TIME - MIN 
“q” Spacings for Fic. 5. Effect of sliding time on the coefficient of friction for 
Spacing Relative known compounds (A) cobalt sliding against cobalt in various atmospheres. 
(A) intensity CoO Cot 
241 7 2.45 _ 
2.10 10 2.12 2.17 (3) a | | & I200°F | 
2.04 2 2.02 (2) 1.80 © 1000°F | 
1.94 2 1.91 (1) 1.70 | | O 800°F 
1.50 7 1.50 160 
0.971 2 0.98 
0.97 : 
0.946 2 0.95 ~ |40 
@ Order of intensity. = 1.30 
= 1.20 
From the previous data and Fig. 3, it is observed that u 110 
the inert atmospheres also gave low friction at 80 F. Since ~< 100 
such effects at room temperature are usually attributed to 5 90 
surface contamination, the following test was devised. = 
The specimens were run for 1/2 hour in forming gas re = 
at 80 F. The test was stopped and heated to 1000 F in —- 
forming gas. This was expected to remove all contamina- 60 
tion and oxide. The specimens were then cooled in form- 50 
ing gas to 80F and the test restarted. Friction was 40 
identical to the initial test. This means that if any 30 
“contamination” is responsible for the low friction, it 20 
must come from the gas itself. However, in a second 
test, the gas was first heated to 1000 F and then cooled ™ 
to 80 F before being admitted to the test chamber. Again 0 10 
there was no change in friction coefficient in a test run TIME - MIN 
at 80F. Fic. 6. Effect of time on the coefficient of friction for cobalt 


The original intention of running experiments in argon sliding against cobalt in forming gas. 
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Fic. 7. Effect of sliding time on the coefficient of friction for two independent 


tests. 


effects that are produced must come from extremely 
small traces of extraneous gases or true adsorption of 
the gases themselves. The No—He mixture (forming gas) 
may be considered as inert to the metal and reducing to 
the oxides of cobalt, iron, and nickel above about 800 F. 


Results obtained in the argon atmosphere are com- 
pared with the N.—O. atmosphere at 80 and 1000F in 
Fig. 5. The results are identical taking experimental 
error into account. In all cases the steady state condition 
was achieved rapidly in less than one minute. The results 
in Fig. 6 illustrate the different performance in the form- 
ing gas. At 800F the friction is erratic and tends to 
fluctuate between 0.36—-0.70, higher than would be 
achieved in oxidizing atmospheres; at 1000 and 1200 F, 
where the atmosphere would tend to be reducing, the 
friction rises to 1.4 (compare to 0.35 in N»—O. atmos- 
phere). 

The effects of these gases are reversible as demon- 
strated by runs at 80 and 1200 F (Figs. 7 and 8). In these 
experiments the different gases are admitted at the time 
indicated by the arrow. In helium at room temperature 
(80 F), a f of 0.40 to 0.45 was held steady until CO. 
was introduced at which point it dropped to 0.32. After 
a 10 minute run, helium restored it to 0.40. The introduc- 
tion of oxygen brought it to 0.23 and the later introduc- 
tion of helium raised it to 0.36. The introduction of air 
after a total running time of 132 minutes failed to restore 
the coefficient to a low value. A similar type of result was 
obtained at 1200 F (Fig. 8). However, at this tempera- 
ture, neither argon or helium are effective in producing 
low friction. Nitrogen which has an oxygen content of 
0.25% is effective in reducing friction. The H.-N» mix- 
ture, which would be expected to reduce any oxide pre- 
viously formed, rapidly increased friction. 
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Fic. 8. Effect of sliding time on the coefficient of friction for 
cobalt sliding against cobalt at 1200F. 


The low friction at 80 F could be explained in a num- 
ber of ways. First, the small amounts of O. which are 
found in the gas could react with the surface. However, 
if this is true it must be an extremely thin film since 
there was no visible reaction film after cobalt was ex- 
posed to argon at 1200 F and no lowering of friction. Be- 
cause of the reversible effect of the gases at 80 F, one 
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might suspect some physical adsorption phenomenon such 
as the physical adsorption on CoO or the surface. The 
high friction at high temperatures (1000 F) would then 
be the result of desorption. Such effects are not uncom- 
mon in lubrication. 

A further possibility would be that the hexagonal form 
of Co is effective sliding against itself at 80 F. This would 
explain why friction remained low in forming gas at 80 F 
and not at 1000 F. 

In order to test this hypothesis, friction tests were 
run under vacuum conditions. These data are shown in 
Fig. 9. Even under these conditions the low friction was 
maintained. This would tend to confirm the inherent 
compatibility of the cobalt-cobalt sliding combination. 
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Fic. 9. Effect of pressure on the coefficient of friction for 
cobalt sliding against cobalt at 80F. 


In interpreting this behavior of cobalt, certain ex- 
perimental work reported in the literature should be 
recalled. The oxidation of Co has been measured at 
—78°, —22°, 0°, and 26° C (13). Reduced cobalt oxi- 


RATIO Coz04/CoO DECREASING 


CoO IN CONTACT WITH METAL 
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dizes at 26 C instantaneously to produce an oxide equiva- 
lent to 7.9 oxide layers. This reaction was labeled ‘‘fast”’ 
by the investigators and the 7.9 value was obtained by 
extrapolation. From our standpoint the significant thing 
is that this first film was formed in a matter of seconds. 
This is the sort of reaction that would be expected on 
fresh metal exposed by the postulated mechanism of 
continually breaking “junctions” at the interface of 
sliding. This fast reaction which was considered to be 
due to the dissociative adsorption of oxygen was found 
to be independent of pressure and nonactivated. On this 
basis a trace of oxygen in an otherwise inert gas would 
produce oxide layers in a matter of seconds and the 
impurity content as measured by the partial pressure of 
a gas such as oxygen might be misleading. An extremely 
small amount would be almost as effective as a large 
amount. 

A property of CoO that bears on this problem is its 
tendency to absorb oxygen. The finely divided form of 
CoO absorbs oxygen even at 18 C (14). The oxygen so 
absorbed does not change the lattice spacing of CoO as 
determined by x-ray analysis. This suggests the pos- 
sibility of CoO adsorbing other gases such as argon, 
helium, or nitrogen. 

While cobalt metal does react quite readily with 
oxygen, it does not react with nitrogen or hydrogen to 
form nitrides or hydrides; thus the picture is simplified to 
that extent. 

The oxidation of Co between 200-700 C (about 400- 
1300 F) has been studied by Gulbransen and Andrew 
(15) and some of the pertinent observations are trans- 
ferred to a friction-temperature curve (Fig. 10). It is 
dangerous to make an exact transposition of this data 
because the temperature of the cobalt-cobalt interface 
during the sliding experiment must be a certain tem- 
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Fic. 10. Surface reactions and phase changes in cobalt 
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perature above the “ambient” as measured by the 
thermocouple situated in the rider. However, Fig. 10 
is accurate in describing the behavior of the oxides within 
certain temperature ranges. 

The minimum in friction occurs at a point where the 
oxide film is reported to be “unstable” on cooling. The 
oxide layers formed in the 1100-1300 F range, upon 
cooling, spall from the metal implying that a strained 
layer is developed. 

The oxidation rate of cobalt increases considerably 
over 700F. Also, spalling becomes excessive and this 
accounts for the high value at 1400 F. 

During oxidation cobalt forms two oxides: CoO next 
to the metal, and Co,O, at the air or oxygen interface. 
Supposedly, the ratio of Co;04/CoO decreases with in- 
creasing temperature until above 890F only CoO is 
present. 

On the basis of the data accumulated to date it is 
possible that the low friction at the lower temperatures 
is related to the adsorption of gases on CoO or the 
inherent low friction of cobalt. However, the formation 
of extremely thin films can probably never be dis- 
counted. 

IRON SLIDING ON [RON 


Earlier work (12) had shown that when iron slid on 
iron the coefficient of friction started at 0.98 at room 
temperature and dropped steadily until at about 500— 
600 F, a value of 0.4 was achieved. This value remained 
constant up to 1000 F. 

Figures 11, 12, and 13 give the friction-time curves 
for iron in various atmospheres. From these three figures 
the friction reached in air for each temperature is as fol- 
lows: 


80 F 0.60 
200 F 0.54 
1000 F 0.50 
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Fic. 11. Effect of sliding time on the coefficient of friction for 
iron sliding against iron in various atmospheres at 80F. 
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Fic. 12. Effect of sliding time on the coefficient of friction for 
iron sliding against iron in various atmospheres at 200F. 
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Fic. 13. Effect of sliding time on the coefficient of friction for 
iron sliding against iron in various atmospheres at 1000 F. 


The decrease in friction with increases in temperature 
is small and probably does not exceed experimental error 
by much, but the effect is opposite to that expected if 
the only determining factor is mechanical strength. In 
fact, in a qualitative way, it is suggested that the thick- 
ness of oxide film that would be developed in unit time 
is the significant item. 

At 80F only air (oxygen) is effective in lowering the 
friction and then only to 0.60. Argon, helium, and nitro- 
gen (0.25%) Oz do not produce the low values observed 
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Fic. 14. Effect of oxygen on the coefficient of friction for iron sliding against 


iron at 350 F. 


in the cobalt system. This absence of any effect from 
argon holds for all three temperatures. At all three 
temperatures the H2—N»2 mixture causes the sharp rise 
in friction. With increased temperature the response 
seems to be more rapid and the final value is higher 
(compare over 1.1 at 1000 F to 0.9 at 80F). 


At 200 F, where iron oxidation starts to become sig- 
nificant, nitrogen which contains 0.25% oxygen is ef- 
fective in lowering the coefficient by 5-10%. At 1000 F, 
apparently the trace of oxygen in nitrogen is quite ef- 
fective—in one case lowering the friction from 1.33 to 
0.89; in another case, from 1.35 to 0.59. 

The influence of oxygen partial pressure is illustrated 
by Fig. 14. In this experiment the test was started in 
an atmosphere of 100% oxygen. The oxygen-nitrogen 
ratio was continuously decreased until only plant nitrogen 
was being fed in. The friction, instead of increasing as 
might be expected from the standpoint of gross oxide 
formation, actually decreased to 0.45. This experiment 
points out that apparently the optimum condition for 
adequate surface reaction represents one of low oxygen 
pressure rather than high. 


The contrast between the behavior of cobalt and of 
iron is quite striking. The inert gases, argon, helium, 
and even the H2—-Ne mixture appear to provide some 
form of lubrication at room temperature for cobalt 
whereas with iron these gases are truly inert. 


The behavior pictured in Fig. 15 illustrates the degree 
of stability of oxide films once they are formed and the 
atmosphere or temperature is changed. At 350F, the 
introduction of air drops the friction to 0.41. After run- 
ning for 35 minutes, this value rises to about 0.56 due 
to the increase in surface area caused by wear. When 
argon replaces the air, the friction slowly returns to the 
0.41 value and will remain there for long periods of time 
if the temperature is not changed. If the stability of this 
film is now tested by rapidly changing the temperature 
(to 800 F in Fig. 15) the friction rises and surface failure 
results. The final values achieved by attaining various 


temperatures is given in Fig. 16. This change may be 
due to a number of factors, such as poor adhesion of 
oxide to iron because of phase changes or thermal ex- 
pansion differences between oxide and basis metal. 


Iron oxidizes at a rate comparable to that of cobalt. 
McClellan and Hackerman (16) measured the adsorption 
of oxygen at 25C. The exact number of oxygen layers 
picked up varied with the type of surface, i.e., powder or 
wire, and it would be difficult to compare the surfaces 
with the ones measured, but it can be safely said that 
several layers of oxygen are picked up immediately upon 
exposure. After considering the adsorption of gases on the 
two metals, it seems more reasonable to look for some 
special properties of the oxide formed on cobalt to ex- 
plain the difference in behavior between cobalt and iron 
rather than any small difference in their reaction rate 
with oxygen. 

The reason for the reduction of friction (see Fig. 16) 
when argon is introduced into the system is not obvious 
and requires more experimental work for explanation. 
The effect is a real one and has been observed in many 
experiments. The maintenance of low friction could be 
explained on the basis of the stability of a rugged oxide 
film but the explanation of the actual lowering awaits 
more knowledge of what is actually occurring. Johnson 
and associates (1) showed that Fes0, was more effective 
in providing lubrication than FesO3;; FesO3; would be 
formed in the high oxygen partial pressure atmosphere, 
while Fe;04 would be formed at the lower oxygen pres- 
sure. It may be postulated that in air the surface of 
the sliding specimen would be covered with FesO, and 
in reduced oxygen pressure, Fe;0, (or FeO). It has not 
been shown that this is actually the case so this is just 
speculation to explain the observed results. It has been 
shown further, by a number of people, that FeO and 
Fe;04, because of their crystal form, have a desirable 
epitaxial fit with alpha-Fe, whereas alpha-Fe.O; does not. 
This undoubtedly makes for better adhesion in the case 
of Fe;0, and FeO. 
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Fic. 15. Effect of sliding time on the coefficient of friction for iron sliding 


against iron at 350 F. 
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Fic. 16. Effect of temperature on the coefficient of friction for 
iron sliding against iron after running in argon at 350F. 


The results reported here seem to differ from those re- 
ported by Barwell (17) on the basis of tests run on steel 
in a controlled atmosphere system. When argon replaced 
a vacuum of 10~-* cm the coefficient of friction dropped 
slightly—from about 1.0 to about 0.9. This effect was 
reversible and Barwell attributed it to physical ads_rp- 
tion. The extent to which argon would be adsorbed on 
steel at room temperature is undoubtedly quite small but 
consideration must be given to the unusual activity of 
freshly abraded surfaces as evidenced by the apparent 
ability of surfaces to emit electrons (Russell Effect, 
Kramer Effect) (17, 19, 20). 

Whatever the mechanism by which cobalt attains a 
low friction in the inert gases, it is apparent that the 
same mechanism does not hold for iron. Iron is sensitive 
to low concentration of impurities (note behavior in nitro- 


gen); however, the impurities which exist in argon and 
have been used as one tentative explanation for the cobalt 
behavior are not of benefit. 


NICKEL SLIDING ON NICKEL 


The earlier work of Peterson and Florek (12) demon- 
strated that Ni sliding on Ni gave a high coefficient of 
friction, 0.90-1.00, up to about 1200F, and in the 
1200-1400 F range, dropped to 0.22. 

The fact that there is a considerable reduction in 
friction in this temperature range in the presence of 
oxidizing gases was confirmed by the type of test whose 
results are plotted in Fig. 17. At 1200F, in the inert 
gases or in the reducing H.-N» mixture the coefficient 
was about 2.00. In the O.—N» mixture the friction dropped 
to 1.19 but this is still quite high. At 1400F in inert 
gases the friction started at 2.0 but dropped to 0.61 when 
air is introduced into the system. Apparently in the 
oxidizing atmosphere the friction achieves a level of 
0.6-0.7. 

The decrease in friction comes in a temperature range 
in which the oxidation of nickel becomes appreciable. 
The oxidation of high purity nickel has been measured 
in this temperature range by Gulbransen and Andrew 
(18) and the results may be used to explain the behavior 
in the friction test. One problem arises immediately, and 
that is the one of selecting the proper time of oxidation. 
A single traverse takes 2 seconds; therefore, as a limiting 
condition it might be supposed that the oxide layer is 
worn off during that time and needs to be completely 
replaced. This is probably not actually the case because 
of practical considerations. Also, during these oxidation 
runs the reaction rate is very rapid in the first few sec- 
onds and then slows down. Good measurements are not 
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Fic. 17. Effect of sliding time on the coefficient of friction for 
nickel sliding against nickel at 1200 F and 1400F. 


available for the first instant of oxidation and it becomes 
necessary to take a longer time value and assume some 
sort of proportionality. This is unsatisfactory, but ap- 
pears to be about the best that can be done. 

Examining the plots of the experimental oxidation 
data, it is seen that very rapid oxidation occurs in the 
first few minutes at 650 C and 750 C. The film thickness 
achieved during this very rapid oxidation was read from 
the graphs as follows: 


an oxide layer 1760 A thick is formed in about 2-3 
minutes at 750C (1382 F); 

an oxide layer 503 A thick is formed in 2-3 minutes 
at 650C (1202 F). 


In this temperature range the oxidation varies by a factor 
of about 3 and this difference seems to be enough to 
diminish friction. 

Referring again to reference (13), the same sort of 
figures might be given to attempt to explain the room 
temperature data. In the “fast” reaction Ni oxidizes to 
produce 3.4 oxide layers in comparison with cobalt’s 7.9. 
In other words Co in the first instant oxidizes to pick up 
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a layer twice as thick as that formed on Ni and also 
from that point on Co oxidizes faster than Ni. However, 
the explanation of the different behavior of Co and Ni 
solely on a basis of oxide thickness does not seem rea- 
sonable because certainly Ni at 1200F oxidizes at a 
rate greater than Co at room temperature. This again 
suggests some special property of the oxide of cobalt. 
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DISCUSSION 


R. E. Lee, Jr. (Metallurgical Engineer, General Engineering Lab- 
oratory, General Electric Company, Schenectady, New York): 


The authors are to be commended for their efforts in contributing 
to a technology where so little is known concerning the mechanisms 
associated with high temperature sliding. Their extensive studies 
conducted on cobalt, nickel and iron not only confirmed the 
earlier work of Peterson, Florek, and Lee (A1), but also shed 
new light on the possible reasons for effective sliding on surface 
oxide films. 

While in general concurrence with most of the reasoning as- 
sociated with the oxide film studies, I felt that there are two areas 
not included in this work that should be thoroughly investigated, 
particularly for the cobalt friction-temperature system. These are: 


1. Impurity Effects 


Impurities can affect the oxidation rates of metals, and the 
mechanism or mechanisms involved are more complicated with 
metals and alloys forming more than one oxide, i.e., cobalt and 
iron. Valensi (A2) has shown with two qualities of cobalt, for 
example, 99.2% Co and 97.96% Co, with varying amounts of 
impurities in each, that the former oxidized approximately twice 
as fast as the latter. Another important aspect is that spinels of 
the impurities might form and be undetectable within the limits of 


x-ray and/or electron diffraction measurements. Either of these 
possibilities could affect sliding behavior. 


2. Work-Hardening Effects 


Swaging, a form of working a metal, raises the tensile strength 
of 99.9% pure cobalt approximately three times over that of 
99.9% pure cobalt in its annealed state. The possibility of work- 
hardening effects on the sliding behavior of the cobalt friction- 
temperature system should be ascertained. It may provide further 
understanding of the friction curve obtained in a vacuum at 80 F 
(see Fig. 9). 
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Epitor’s NOTE: 


Authors are furnished a copy of each discussion and invited to 
submit a closure. Since no closure was submitted for the above 
article, it may be assumed that the authors either concurred with 
the discussor or did not feel that a reply was necessary. 





ASLE TRANSACTIONS 6, 40-48 (1963) 


Lubrication of Titanium Surfaces Modified by Metallic 
Diffusion 


By ARTHUR SHAPIRO! and HENRY GISSER (ASLE)? 


Lubrication of titanium by surface modification consisting of diffusion of other metals into the 
surface was studied. Coatings, approximately 0.001 in., of chromium, cobalt, copper, gold, iron, 
nickel, platinum, and silver were electroplated on titanium, followed by diffusion at 860 C and 
10-5 mm Hg. Tin and lead were diffused by immersing the titanium in molten baths of these 
metals. Diffusion bands of approximately 10 to 15 thousandths of an inch were obtained. 
Coefficient of friction measurements were made at various depths using a series of lubricants 
containing fatty acids, chloride, sulphide, and phosphite additives. The friction coefficient was 
reduced from about 0.25, for unlubricated titanium, to 0.06-0.10 in many instances, depending on 








the metal lubricant combination. 


Loads of 20 to 40 Kg were sustained by some of the modified surfaces on the Four Ball Tester 
and 2500 to 3000 pounds on the Falex Machine. With pure titanium, gross seizure occurred at a 
load of 2 Kg on the Four Ball and 250 pounds on the Falex Machine. 


Introduction 


TITANIUM as a pure metal is unusually strong, and 
because it has a specific gravity only a little over half 
that of steel, it has the advantage of an exceptionally 
high strength weight ratio. Another great advantage is 
its corrosion resistance, which places titanium in the 
same class as stainless steels. 


The application of titanium as a structural material 
has, however, been beset with difficulties. Many problems 
have been encountered both in the manufacture and 
fabrication of titanium and its alloys. The machining of 
this material alone has raised many involved and in- 
teresting problems. In certain applications the surface 
properties of titanium need to be improved. These ap- 
plications include joinability to other metals (soldering 
and adhesive bonding), thermal conductivity, electrical 
conductivity, oxidation resistance at elevated tempera- 
tures, and what is of particular concern here, wear and 
galling resistance, and the improvement of frictional 
properties. 

Wear is a general term and Alman (1) has proposed 
that it consists of three general processes: the loss of 
metal from one or both rubbing surfaces, the transfer of 
metal from one surface to another, and the displacement 
of metal by plastic flow. Titanium is particularly sus- 
ceptible to the second type of wear—the transfer of 
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metal from one surface to another. The smearing of 
titanium parallels that encountered with aluminum 
during the early days of experimenting with the latter. 
That difficulty was eventually cured by alloying, heat 
treatment, conversion coatings, electroplating of other 
metals, and the use of proper lubricants. The present 
difficulties with titanium may be expected to be overcome 
by any of the above or combination of the above 
methods. 

A large amount of research has gone into a search for 
lubricants for titanium to reduce wear and the high 
coefficient of friction. This high coefficient of friction is 
caused by ready transfer of titanium to the mating sur- 
faces, with the result that wear and friction character- 
istics are poor. Rabinowicz (2) has shown that many of 
the more commonly used lubricants are totally ineffective 
when used on titanium. Only a few lubricants produced 
a marked decrease in coefficient of friction from that of 
unlubricated titanium. The coefficient of friction of un- 
lubricated surfaces was 0.49, of polyethylene glycols 
0.26, and of polychlorotrifluoroethylene (pour point 
—54 C) 0.21. However, no good lubrication was brought 
about. The difficulty with titanium is that no strong 
natural bonding or reaction with its surface takes place. 

All metals tend to gall to some extent, but usually some 
combination of lubricant and/or mating surface can be 
found which overcomes this wear. To date, there has been 
relatively scant success in finding combinations of metal 
surface and lubricant which will give satisfactory service 
against bare titanium. As in the instance of electroplating, 
the development of successful lubricants has not to date 
provided satisfactory lowering of the coefficent of friction 
and reducing wear. 

Inorganic coatings chemically and electrochemically 
produced on titanium have provided good wear resistance 
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(3) for some applications (e.g., metal forming). The 
chemical conversion coatings such as the phosphate and 
fluoride are applied by immersion of the work in the 
proper solution. Anodized surfaces are produced by 
making titanium the anode in a particular electrolyte. 
These coatings help eliminate the metal-to-metal contact 
that causes seizing, and also improve the surface reten- 
tion of lubricants. 

An approach toward solving the titanium lubrication 
problem is the alloying of the titanium surfaces to make 
it receptive to lubrication by conventional lubricants. A 
great deal of research has been done on the alloying 
of titanium with other metals. The position of titanium 
among the other metals of the Periodic System is very 
favorable for alloying. Practically all of the common and 
most useful metals have interatomic distances within 
15% of that of titanium. This is important in that the 
metals within this 15% atomic diameter range have a 
size factor that is favorable for forming considerable solid 
solutions with titanium by atomic substitution (4). In 
addition, some of the elements of small atomic size, as 
carbon and hydrogen, form solid solutions interstitially. 
In general, then, this leaves only a few metals of com- 
paratively large atom size, the rare earths and most of 
the alkaline and alkaline earth metals, as being un- 
promising alloying constituents from the standpoint of 
atomic size and solid solubility. Based upon the theo- 
retically favorable alloying ability of titanium with many 
other metals, it appeared that if a relatively adherent 
electroplate could be deposited upon titanium, proper 
diffusion techniques would produce an alloy concentra- 
tion gradient in the surface, and the resultant modified 
surface could then be studied to determine its friction 
and wear behavior. Some work in this direction has been 
reported (5) in an attempt to improve lubrication with 
titanium gears. Both copper and aluminum were tried 
as surface modifiers by plating and diffusion, but the 
attempts were unsuccessful in solving of the lubrication 
problem. 


Considerable work has been done toward developing 
methods for electroplating adherent metal coatings on 
titanium. The development of successful methods, how- 
ever, has not kept pace with the needs. Some of the 
procedures for activating and plating titanium are 
described in the literature (6-9). (Other methods, not 
published because of proprietary interests, are reported 
as successful.) 


Surface modification 
ELECTROPLATING 


Metals were electroplated on 75A commercially pure 
titanium having the following properties: Tensile yield 
strength, 76,700 psi; ultimate tensile strength, 87,200 
psi; elongation, 23.5%; C, .08%; N, .02%; H, .0050%. 
The specimen size was 2% &K 1% X % in. Specific 
procedural details for each metal electroplated are given 


in the Appendix. Lead and tin coatings were obtained by 
diffusing the titanium in the molten metal. 


DIFFUSION 


Diffusion was conducted in a vacuum furnace at 10-° 
Torr. The specimens were placed in the furnace, which 
was then evacuated, and the temperature raised to 860 
C for 7 hr, after which the heat was shut off, and the 
specimens cooled for approximately 18 hr, under vacuo, 
and were then removed from the furnace at approxi- 
mately 60 C. Lead and tin were diffused during immer- 
sion in the molten metal at 860 C for 7 hours. 


NATURE OF THE MOopIFIED SURFACE 


The depth to which diffusion had been accomplished 
was determined by Knoop hardness measurements of 
sectioned specimens (previously polished successively on 
1G, 400-A, 600-A, 3/0 and 4/0 grit papers). Hardness 
measurements were carried out on a micro hardness 
tester using the Knoop indenter. Studies have indicated 
that with this indenter, the major part of the elastic 
recovery of the impression upon removal of the load 
takes place crosswise rather than along the length of the 
impression. Consequently, a very close measurement of 
the unrecovered indented area can be obtained by taking 
the measurement of the long diagonal only. A load of 
500 gm and a magnification of 20 was used in making 
all measurements. Three distinct patterns of hardness 
were found, depending upon the nature of the diffused 
metal. With lead, gold, platinum, and iron, the hardness 
closest to the surface was low and gradually increased 
until the hardness of titanium was reached. With copper, 
silver, cobalt, chromium, and nickel, the hardness in- 
creased and then gradually decreased to the hardness of 
titanium. With tin the hardness decreased with in- 
creasing depth until it reached the hardness of titanium. 
Unplated titanium gave the same pattern as tin after 
vacuum heating. The depths metals diffused into titanium 
are given in Table 1. 


TABLE 1 
Depth of Metal Diffused 
into the Titanium Surface 








Metal diffused Depth (inch) 
Chromium 0.009 
Cobalt 0.012 
Copper 0.012 
Gold 0.007 
Iron 0.010 
Lead 0.015 
Nickel 0.007 
Platinum 0.005 
Silver 0.010 
Tin 0.009 





Coefficient of friction 


Friction experiments on the modified titanium surfaces 
were conducted at room temperature using a Bowden- 
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Leben type apparatus. Coefficients of friction were deter- 
mined at two levels in the diffused layer. The surface 
was ground to depths given in Table 2. The rider used 
was a 52100 steel ball and the coefficients of friction 
were determined with cetane and with a solution of 1% 
palmitic acid in cetane. The applied load was 100 gm. 
The data are given in Table 2, each entry being the mean 
of five measurements. 


TABLE 2 
Coefficient of Friction Measurements 





Lubricated Lubricated with 





Total depth with 1% palmitic acid 
Metal of grind (in.) cetane in cetane 
Copper 0.004 0.194 0.124 
0.006 0.194 0.224 
Nickel 0.003 0.09 0.07 
0.006 0.154 0.074 
Tin 0.004 0.224 0.164 
0.006 0.184 0.174 
Silver 0.001 0.09% 0.06 
0.0015 0.07 0.06 
Lead 0.004 0.174 0.154 
0.007 0.234 0.194 
Cobalt 0.004 0.224 0.164 
0.0120 0.124 0.05 
Platinum 0.001 0.184 0.174 
0.0015 0.154 0.05% 
Gold 0.0025 0.104 0.09 
0.003 0.204 0.174 
Iron 0.002 0.174 0.164 
0.003 0.154 0.092 
Chromium 0.002 0.06 0.05 
0.003 0.07 0.062 
Unmodified 0.001 0.212 0.154 
Titanium 0.002 0.164 0.124 





@ Stick-slip. 
> Smooth sliding. 


At the first depth, copper, gold, tin, platinum, lead, 
cobalt, and iron exhibited stick-slip. Chromium, silver, 
gold, and nickel gave smooth sliding with low coefficients 
of friction (below 0.10, palmitic acid in cetane lubricant). 
At the second depth, nickel, silver, cobalt, platinum, iron 
and chromium gave low coefficients of friction (below 
0.10, palmitic acid in cetane), but of these, smooth 
sliding (no observable stick-slip) was obtained only with 
silver, cobalt, platinum, and chromium. 

To study higher alloy concentrations and greater 
depths, friction measurements were made on titanium 
surfaces plated with approximately 0.006 in. thick nickel 
and iron followed by diffusion. The data are shown in 
Table 3. With iron, at low depths, sliding was smooth. 
Deeper, where the titanium concentration is higher, 
sliding was smooth only with palmitic acid. This in- 
dicated that the layer was sufficiently rich in iron or an 
iron-titanium phase to produce adequate chemical re- 
action with palmitic acid. Further progress into zones 
richer in titanium produced stick-slip indicative of poor 
frictional qualities. With nickel, the frictional results in 
the various zones approximated that of iron. 

Further experiments were conducted to determine the 
effectiveness of conventional lubricant additives on the 
modified titanium surface. The compounds, studied at a 
concentration of 1% in cetane, were tricresyl phosphate, 
diisopropyl phosphite, hexachloroethane, 42% chlorinated 
paraffin, octyl mercaptan and benzyl disulphide. The 
average of five friction determinations are shown in 
Table 4. 

Lead modified surfaces produced stick-slip with all 
six lubricants. Cobalt yield smooth sliding only with 
hexachloroethane. The chromium modified surface showed 
improved lubrication over that of titanium alone with 
diisopropyl phosphite, although the friction traces were 
somewhat irregular. Copper, which was plated about 
0.002 in. thick, was diffused at what happened to be the 
copper-titanium eutectic point (860 C) and vigorous dif- 


TABLE 3 
Coefficient of Friction on Iron and Nickel Modified Titanium Surfaces 























Titanium Titanium—7 hours 
Tron Nickel As Received at 860 C in vacuum 
Lubri- Lubri- Lubri- Lubri- 
cated cated cated cated 
Total with with with with 
depth Lubri- 1% pal- Lubri- 1% pal- Lubri- 1% pal- Lubri- 1% pal- 
of cated mitic cated mitic cated mitic cated mitic 
grind with acid in with acid-in with acid in with acid in 
(in.) cetane cetane cetane cetane cetane cetane cetane cetane 
0 os — 0.114 0.084 _— _ _ = 
0.002 0.10¢ 0.064 0.18 0.094 0.182 0.11 0.25% 0.142 
0.006 0.094 0.06% 0.15% 0.15% 0.21 0.110 0.25% 0.232 
0.010 0.28 0.084 0.29% 0.260 0.17 0.17 0.29 0.22 
0.014 0.22 0.15 0.22 0.225 0.19 0.22 0.219 0.17% 
0.018 0.15 0.18% 0.240 0.19% 0.200 0.14 0.23% 0.18 





@ Smooth sliding. 


® Stick-slip. 
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TABLE 4 


Coefficient of Friction with Various Lubricants 











42% Benzyl 
Total depth of Tricresyl Octyl Chlorinated disul- Hexachloro- Diisopropyl 
Metals grind (in.) phosphate mercaptan paraffin phide ethane phosphite 
Chromium? 0.0005 0.275 0.259 0.16 0.21% 0.22 0.10¢ 
0.001 0.32% 0.189 0.24% 0.275 0.28° 0.14¢ 
0.0015 — _ — —_ — 0.22 
Cobalt 0.001 0.20 0.219 0.219 0.225 0.10¢ 0.21° 
0.002 0.220 0.20 0.22% 0.225 0.25% 0.20 
Copper 0.001 0.10¢ 0.06¢ 0.20° 0.09¢ 0.08¢ 0.11¢ 
0.002 0.262 0.25% 0.219 0.240 0.222 0.09¢ 
0.003 —- — — — — 0.28 
Gold 0.0005 0.09¢ 0.09¢ 0.09¢ 0.08¢ 0.09¢ 0.11¢ 
0.0015 0.09¢ 0.12¢ 0.21% 0.19% 0.12¢ 0.09¢ 
0.0025 0.28% 0.290 0.26 0.21? 0.240 0.24 
Iron 0.001 0.09¢ 0.10¢ 0.09¢ 0.230 0.21° 0.21 
0.002 0.189 0.18? 0.26 0.200 0.225 0.20 
Nickel 0.001 0.10¢ 0.28% 0.10¢ 0.09¢ 0.10¢ 0.09¢ 
0.002 0.22 0.275 0.14 0.30 0.28 0.21 
Platinum 0.0005 0.11¢ 0.179 0.21% 0.14¢ 0.09¢ ‘ 0.11¢ 
0.001 0.19% 0.12 0.14% 0.17 0.192 0.12¢ 
0.0015 0.240 0.25% 0.23% 0.289 0.240 0.26 
Silver 0.005 0.11¢ 0.202 0.13¢ 0.17% 0.21% 0.08° 
0.0015 0.25% 0.21% 0.21% 0.21% 0.19% 0.225 
Lead 0.001 0.202 0.20 0.219 0.210 0.22 0.18 
0.002 0.252 0.21 0.22 0.259 0.17 0.22 
Unmodified 0.001 0.220 0.26% 0.240 0.262 0.250 0.230 
Titanium 0.002 0.22 0.220 0.21 0.27 0.240 0.24% 





@ Plating thickness of 0.0004 in. 
> Stick-slip. 
¢ Smooth sliding. 


fusion had occurred in both directions. Grinding to a 
depth of 0.001 in. showed a diffused silvery copper surface 
which produced good frictional conditions with tricresyl 
phosphate, octyl mercaptan, benzyl disulphide, hexa- 
chloroethane, and diisopropyl phosphite. Removal of an- 
other layer of 0.001 in. produced a surface giving good 
frictional properties with diisopropyl phosphite alone. 

Gold, which was plated to a thickness of 0.001 in., was 
like copper in that on grinding to a depth of 0.0005 in., 
a silvery gold surface was obtained. This layer produced 
low coefficients of friction with all six lubricants. Re- 
moval of another 0.001 in. produced surfaces which were 
well lubricated by tricresyl phosphate, octyl mercaptan, 
hexachloroethane, and diisopropyl phosphite. Iron ground 
midway into the plated layer produced a surface giving 
good frictional results with tricresyl phosphate, octyl 
mercaptan, and 42% chlorinated paraffin. 

Nickel ground to a depth of 0.001 in. gave a surface 
producing good frictional properties with all of the 
lubricants except octyl mercaptan. Platinum, ground to 
0.0005 in. resulted in a surface which gave good fric- 
tional results with tricresyl phosphate, hexachloroethane, 
and diisopropyl phosphite and irregular friction traces 
with benzyl disulphide. Removal of another 0.0005 in. 
produced a surface which gave irregular friction traces 


with diisopropyl phosphite. Silver, ground to a depth of 
0.0005 in., produced smooth friction traces with tricresyl 
phosphate and diisopropyl phosphite. 

One of the interesting results is the good frictional 
properties obtained in the diffusion zones of such un- 
reactive metals as platinum, and gold. Also of interest 
is the fact that diisopropyl phosphite yielded good lubri- 
cation with many of the alloy surfaces. Titanium, in the 
as received condition, gave consistently poor frictional 
properties with all the lubricants studied. Stick-slip 
conditions were always present. Generally, the good 
lubrication effects produced are quite specific, depending 
on the depth of the diffusion layer measured, and the 
lubricant used. 

Experiments were also conducted using a titanium 
ball rider in addition to the titanium plate. Work was 
done with silver and gold modified surfaces which had 
been first plated with approximately 0.001 in. of metal, 
then diffused. Measurements were made with and without 
removing metal from the ball rider and plate surfaces. 
The results in Table 5 show that good frictional charac- 
teristics were obtained after the removal of 0.001 in. 
On further removal of metal, poor frictional results, as 
indicated by stick-slip, were obtained. It is interesting 
to note the coefficients of friction were high and the 


TABLE 5 
Coefficient of Friction Measurements on Titanium 
Rider and Plate (Plating Thickness = 0.001 in.) 











Diisopro- 
Benzyl pyl 
Total depth of disulphide phosphite 
grind (in.) 1% 1% 
Metal Rider Plate Cetane incetane  incetane 
Silver None None 0.154 0.154 0.124 
0.001 0.001 0.09% 0.09 0.10 
0.001 0.002 0.154 0.254 0.144 
Gold None None 0.254 0.244 0.244 
0.001 0.001 0.09% 0.08 0.12% 
0.001 0.002 0.264 0.274 0.21¢ 
@ Stick-slip. 


> Smooth sliding. 


motion was not smooth when rubbing took place be- 
tween surfaces from which no metal had been removed. 
Here there are two like soft metals. After grinding the 
surface layer off, the improvement is obtained. This is 
probably associated with increasing hardness and minor 
differences in alloy concentration. 


Four ball tests 


The four ball studies were conducted at room tempera- 
ture (20-27 C) at 600 rpm for 1 hr at various loads. 
Both the upper and lower balls were % in. diam. 75A 
titanium which had previously been given an electroplate 
with the alloying metals to a depth of 0.001 in. followed 
by diffusion. 

The unmodified titanium specimens all seized im- 
mediately at a 10 kg load. The gold modified specimens 
exhibited better load carrying capacity, those lubricated 
with cetane sustaining a load of 10kg, and those lubri- 
cated with diisopropyl phosphite and benzyl disulphide 
sustaining a load of 20 kg. The silver modified specimens 


TABLE 6 
Four Ball Wear Test on Modified Titanium Surfaces® 








Diisopropyl Benzyl 
Load phosphite disulphide 
Metal (kg) Cetane 2% incetane 2% incetane 
Unmodified 10 immediate immediate immediate 
titanium failure failure failure 
Gold 10 0.52 0.96 0.55 
20 failed- 0.62 0.58 
20 min 
30 — failed- failed- 
15 min 45 min 
Silver 10 0.51 0.75 0.71 
20 0.59 1.08 0.52 
30 0.79 0.90 0.71 
40 failed- 1.10 failed- 
30 min 40 min 
50 — failed- = 
20 min 
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@ Figures are scar diameters in millimeters. 






gave the best results. Those lubricated with cetane and 
benzyl disulphide sustained a load of 30kg and those 
with diisopropyl phosphite sustained a load of 40 kg. 
Tests were run in duplicate and the results (averages) 
are shown in Table 6. Excellent reproducibility in failure 
times (= five minutes) was obtained. Scar diameter re- 
producibility was not as good. 


Falex machine tests 


The Falex tests were conducted using jaw blocks 
made from FS 2320 steel and pins made from 75A 
titanium. The jaw load was increased from zero to 250 
pounds by engaging the eccentric arm of the ratchet 
wheel. When the jaw load reached 250 pounds the ec- 
centric arm was disengaged and the load maintained for 
1 minute. Using the same procedure, the jaw load was 
increased in increments of 250 pounds until failure oc- 
curred. 

In Table 7 are listed the wear load and the failure load. 
The wear load is that load at which the eccentric arm 


TABLE 7 
Falex Wear Test on Modified Titanium Surfaces 





Diisopropyl 
phosphite 
2% in cetane 


Benzyl 
disulphide 
2% in cetane 


Cetane 


Wear Failure 








Pin (Ib) (Ib) Wear Failure Wear Failure 
Unmodified 
titanium 0 0 0 0 0 0 
Gold 2250 3000 1500 2750 2000 3000 
Copper 2250 3000 1250 3000 1750 ~# 1750 





needs to engage between 10 and 15 teeth on the ratchet 
wheel in order to regain the original applied load. Since 
each tooth corresponds to 0.0000556 in. of wear, this is 
equivalent to 0.000556 in. to 0.000834 in. of wear. The 
failure load is that load at which either seizure occurs 
between the pin and the blocks or the brass pin holding 
the pin specimen between the blocks ruptures. The un- 
modified titanium pins failed immediately, whereas the 
diffused pins sustained loads of 1750 to 3000 pounds. 
Rate of wear and cumulative amount of wear in the 
Falex Machine tests are plotted in Figs. 1-6. In every 
instance there was a fairly high initial wear rate which 
immediately decreased and then increased again with 
increasing load. The initial high wear rate was due to 
the soft outer surface in which the titanium concentration 
was very low. The wear rate curve is the resultant of 
increasing wear rate due to increasing load, and changing 
wear rate due to increase in the titanium concentration 
as the surface is worn to a progressively greater depth. 


Discussion 


The effectiveness in friction reduction varied with the 
metal-additive combination. In general, gold, nickel, 
copper, and platinum gave good results, iron and silver 
fair results, while cobalt and chromium were effective 
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with very few additives. Lead was not effective in fric- 
tion reduction. Insufficient data are available on tin to 
indicate its effectiveness. While diisopropyl phosphite, 
tricresyl phosphate, and palmitic acid appeared to be the 
most effective of the additives, it is difficult to determine 
the degree of significance of the observed differences 
among additives. In almost every instance palmitic acid 
lowered the friction coefficient over that obtained with 
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Fic. 1. Falex test on gold modified titanium surface with 
cetane lubricant. 
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Fic. 2. Falex test on gold modified titanium surface with 
benzyl disulfide lubricant 2% in cetane. 
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Fic. 3. Falex test on gold modified titanium surface with 
diisopropyl phosphite lubricant 2% in cetane. 
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Fic. 4. Falex test on copper modified titanium surface with 
cetane lubricant. 
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Fic. 5. Falex test on copper modified titanium surface with 
benzyl disulfide lubricant 2% in cetane. 
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Fic. 6. Falex test on copper modified titanium surface with 
diisopropyl phosphite lubricant 2% in cetane. 


cetane alone, but smooth sliding was not always obtained. 
(It should be noted that friction measurements with 
palmitic acid were run in most instances at considerable 
depths below the original surface, and results with 
palmitic acid are not always comparable with those 
obtained with other additives.) 
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The solubility of the modifying metals in the alpha 
phase of titanium at room temperature is quite low. 
At the eutectoid temperature (approx. 600-800 C for the 
metals studied) gold is soluble to the extent of approxi- 
mately 10%, copper 2.1%, silver, cobalt, chromium, and 
iron 1% or less, and nickel nil. At room temperature, 
the solubilities would be considerably less. Observable 
diffused metal was obtained at depths from 0.005 to 
0.015 in (Table 1). While the exact concentration 
gradients of the modifying metals are not known, it is 
reasonable to assume that at the depths where transitions 
in friction occurred with most metal-additive combina- 
tions, the concentration of modifying metal exceeded its 
solubility in the alpha phase of titanium. The effective- 
ness of the modifying metal is therefore probably not 
associated with its being in solution. Further work on 
the metallurgical structure of the modified surfaces is 
needed in order to clarify the mechanism of friction 
reduction. 

In the Four Ball and Falex tests, strikingly different 
results were obtained in load carrying capacity between 
modified and unmodified titanium surfaces, independent 
of additive. Limited data on the modified surfaces indicate 
differences in results depending on additive. In the Four 
Ball test, the additives increased the load bearing 
capacity slightly, while in the Falex test the effect of 
the additives was in the other direction. 
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Appendix 
ELECTROPLATING PROCEDURES 


Chromium. The specimen was degreased in toluene, 
alkaline cleaned, water washed, and pickled in a solu- 
tion containing 185 ml of 48% hydrofluoric acid and 


9ml of concentrated nitric acid per liter of aqueous 
solution. Chromium was plated according to the method 
of Stanley and Brenner (6). The specimen was dried 
and suspended for 10 to 15 minutes in a solution of 
hydrofluoric acid in acetic acid at a concentration of 
125ml of 48% hydrofluoric acid per liter, without 
current. A slight amount of gassing occurred, which 
soon ceased, and a film was formed on the surface. A 
60 cycle alternating current of 14 to 28 amps/ft? was 
then passed through the specimens for 10 minutes. About 
40 volts were required. The specimen was rapidly rinsed 
and transferred to a conventional chromic acid plating 
bath containing 400 gm of chromic acid and 4 gm of 
sulfuric acid per liter. The plating was done at 85 C and 
a current density of 1100 amps/ft?. Plating for 1 hour 
produced a plate 0.001 inches thick. A lead anode was 
used. 

Cobalt. The specimen was degreased with toluene and 
sandblasted, using 60 mesh aluminum oxide, under a 
line pressure of 90 psi. The specimen was electroplated in 
a bath (7) containing 1893 gm of cobalt sulfate hepta- 
hydrate, 65 gm of sodium chloride and 170 gm of boric 
acid in 4 liters of solution, using a cobalt anode. The 
solution pH was 5. The plating was done at 35 C and a 
current density of 20 amp/ft®. Plating was continued for 
2 hours to a thickness of 0.002 in. 

Copper. The specimen was degreased with toluene, and 
pickled in a solution of 185 ml of 48% hydrofluoric acid, 
25 ml conc. nitric acid and the remainder water to 1 
liter. It was then rinsed in water and anodically etched 
(6) for 5 minutes at 24 amp/ft?. Instead of using acetic 
acid, a solution of 150ml of 48% hydrofluoric acid in 
formic acid was used. Less heat was evolved using 
formic acid instead of acetic acid. The specimen was 
water rinsed, and plated in a copper fluoborate bath 
of the following composition: 448g/1 of copper fluoborate, 
specific gravity 1.36, fluoboric acid to pH 0.6. Plating 
carried out at 50 amp/ft? produced a plate 0.002 inches 
thick at the end of 1 hour. A copper anode was used. 

Gold. The specimen was toluene cleaned, and pickled 
in a solution of 185 ml of 48% hydrofluoric acid, 9 ml 
conc. nitric acid in 1 liter. After water rinsing, plating 
was carried out in a bath (8) containing 11 gm of potas- 
sium cyanide and 12.3 gm of potassium aurocyanide in a 
liter (distilled water), with a gold anode. Plating was 
carried out at a temperature of 60—-70C and a current 
density of 2 to 3 amp/ft?. Plating was continued for 2 
hours to a thickness of 0.001 in. 

Iron. The specimen was cleaned with toluene, and 
pickled in a solution of 900 ml 1:1 nitric acid, 100 gm 
ammonium bifluoride and 100 ml of fluorsilicic acid. After 
rinsing, plating was carried out in a bath (7) containing 
375 gm of ferrous chloride and 138gm of calcium 
chloride diluted to 1 liter with water, using an iron 
anode. The solution pH was 1. Plating temperature was 
90 C and the current density was 20 amps/ft?. A plate 
thickness of 0.002 in. was obtained in 1 hour. 

Nickel. The specimen was degreased in toluene, and 
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pickled in 185 ml of 48% hydrofluoric acid, 9 ml conc. 
nitric acid and the remainder water to 1 liter. After 
rinsing, the specimen was activated by placing for 5 
minutes in a solution of 0.1 g/1 of palladium chloride 
in water and then immersed in an acid type electroless 
nickel bath at a temperature of 82-86C for % to 1 
hour. Plating was carried out in a Watts type bath. 

Platinum. After toluene cleaning, the specimen was 
placed in conc. hydrochloric acid (9) at a temperature 
of 90-100 C for 10 minutes, water rinsed, and plated 
in a bath containing 358 gm of ammonium nitrate (re- 
agent grade), 45 gm of sodium nitrate (reagent grade), 
13.8 gm of diammino platinous nitrite and 210 ml of 28% 
ammonium hydroxide (reagent grade) made up to 4 
liters with distilled water, using a platinum anode. 
Plating was carried out at a temperature of 88-97 C 
and a current density of 10 amps/ft?. A plate thickness 
of 0.0004 in. was produced in 2 hours. 


Silver. The sandblasted specimen was plated (7), first 
in a strike bath (14.7 gm silver cyanide and 238 gm 
sodium cyanide, technical grade in both cases, in 4 liters 
of solution) for 10 seconds at 21-30 C and current den- 
sity of 20 amps/ft?; followed by plating in a bath con- 
taining 162 gm of silver cyanide, 224 gm of potassium 
cyanide and 179 gm of potassium carbonate in 4 liters 
of solution. Plating temperature was 20-30 C and current 
density was 4 amps/ft”. Silver anodes were used in both 
baths and a plate thickness of 0.0005 in. was obtained 
in 1 hour. 

Lead. The specimen after degreasing in toluene and 
pickling in a solution of 900 ml of 1:1 nitric acid, 100 gm 
ammonium bifluoride, and 100 ml of fluosilicic acid, was 
rinsed, dried, and immersed in a molten lead bath at 
860 C. 

Tin. The specimen was pretreated as the lead specimen 
was, and immersed in a molten tin bath at 860C. 


DISCUSSION 


E. M. Koun (Sun Oil Company, Marcus Hook, Pennsylvania): 


The literature pertinent to the lubrication of Titanium contains 
a number of examples illustrating substantial friction reduction, as 
well as the elimination of galling, and seizure, between Titanium 
surfaces in rubbing contact. It is required that these surfaces be 
coated first with thin films of metals or salts. [See, for example 
(A1), (A2), and (A3).] 

In no case, however, has the influence of thin metal coatings 
been so well detailed, and the sensitive dependence of friction 
and wear reduction on coating thickness been so effectively demon- 
strated, as in the present paper. The authors are to be con- 
gratulated for providing us with more than just a fine job. The 
effects shown are all the more remarkable in light of diffusion 
equations which predict a rapid reduction in concentration of 
diffused metal just below the Ti surface. Despite this, metals such 
as Pt and Au or Pb and Sn induce effects which contrast signifi- 
cantly to predictions made from experience at depths which are a 
substantial fraction of the overall diffusion depth. 

The attention paid by the literature to mechanisms explaining 
these lubrication benefits has been scant. The present authors 
have made a start at this by recognizing the need to attack this 
problem from a metallurgical standpoint. Better knowledge of the 
compositions of metal phases existing near the surface after dif- 
fusion, and their properties, are essential in explaining these ob- 
servations. Furthermore, such studies aimed at explaining the fric- 
tion reducing properties of thin metal coatings may well contribute 
to newer concepts of the role played by boundary lubricants or 
their chemical products in more conventional situations. This aspect 
is dealt with more fully below. 

Of the systems studied, coatings formed from Pb, Au, Pt, and 
Fe are examples of the general case treated by Bowden and 
Tabor (A4), where hard metals register improved lubrication 
properties when coated with a softer metal. An additional con- 
tributing factor, but more important in cases where surfaces 
harder than Ti coat the Ti, such as Sn, Cu, Ag, Co, Cr, and Ni, are 
the low-shear-strength films produced chemically between the 
lubricant and the surface coating. 

Another role played by the metal coating and lubricant is to 


reduce the formation of oxide and nitride films which high inter- 
face temperatures otherwise would produce, and which Miller and 
Holladay (A2) consider to be factors limiting the adhesion of 
lubricants to Ti, while not preventing galling and seizure. 

Further, since cobalt-plated titanium out-performs heated ti- 
tanium in friction reduction (see Table 2 and 3 respectively), after 
both are ground down to at least the diffusion depth of cobalt 
into titanium (see Table 1), where the cobalt is probably present 
only in solution, the writer is prompted to apply the results of 
some unpublished work (A5) and suggests a fourth factor con- 
tributing to the effectiveness of the various metal coatings to 
reduce friction. 

In this work (A5) the loads to shear-fail metal were found to 
be strongly influenced by the surrounding organic liquid medium. 
In the present case then, alloys which melt at lower temperatures 
than titanium are believed to function by embrittling asperity 
welds made between titanium and other surfaces with which it is 
engaged under test conditions, i.e, lower melting alloys may 
promote the shear failure of asperities at reduced stress levels. 
Also, intermetallic compounds, which McQuillan and McQuillan 
(A6) show Ti to form with all of the deposited metals, may also 
embrittle asperity welds. 

This effect, where a metal under applied stress can be severely 
embrittled by liquid metals, has been demonstrated in great detail 
by Rostoker, McCaughey and Markus (A7). 

The writer would like to know how the experimental results are 
influenced by preparatory procedure, i.e., surface grinding tech- 
nique, diffusion time, and diffusion temperature. Also, have the 
authors studied mixed metallic deposits in the form of initial thin 
layers of two or more metals plated on the surface of the Ti, and 
what is the effect of the coating on the tensile strength of titanium ? 

The writer suggests that other titanium-coated specimens besides 
cobalt be ground down to their respective diffusion depths, as 
defined by hardness measurements, and evaluated; and also that 
a more sensitive technique than hardness be used to judge dif- 
fusion depth. One method might be repeated measurement of the 
potential of the treated titanium specimen against a reference 
electrode during continued surface grinding until the potential 
equals that of untreated, but polished, titanium. 
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AuTHors’ CLOSURE: 


The authors wish to express their appreciation to Dr. Kohn for 
his interesting and helpful commentary on their paper. 

Dr. Kohn has pointed out a number of variables in the surface 
preparation techniques which may affect the results. Time did not 
permit a study of the effect of variation in surface grinding tech- 
niques, or diffusion time, or temperature. The surfaces were all 


ground using a well-dressed 20-A-46-86VS wheel flooded with 
coolant to minimize surface distortion. Approximately 0.0003 inch 
of metal was removed with each pass of the wheel. With respect 
to diffusion, since the coefficient of mass diffusivity varies ex- 
ponentially with absolute temperature, concentration gradients 
achieved in relatively short time at high temperature would require 
much longer times at lower temperatures. While all of the surfaces 
on which friction and wear measurements were made were diffused 
at 860 C for 7 hours, on some surfaces diffusion was allowed for 
3 hours and well-defined diffusion gradients were obtained as 
indicated by hardness measurements and photomicrographs. It is 
to be expected that at a constant diffusion temperature, allowing 
sufficient time for some alloy gradient to be established, the lubri- 
cation properties would be improved, but the maximum depth at 
which good lubrication properties would be obtained would vary 
with the time of diffusion. A change in temperature makes for a 
more complex situation since any compounds formed during the 
diffusion process may be temperature dependent. 

The study of diffusion of multiple metal systems is certainly 
desirable and further extension of this work should include ex- 
ploration of such systems and study of the effect of the surface 
modification on other physical properties such as tensile strength. 

Dr. Kohn’s concept of the embrittlement of asperity welds as a 
step in the lubrication mechanism is very interesting and provides 
a reasonable explanation of the observed behavior of lubricants. 
Further work on this concept would be well-merited. 
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as 
fon A study was made of surface roughness effects on metallic contact and friction in the transition 
wy zone between hydrodynamic and boundary lubrication. The system used was one of pure sliding 
and relatively high contact stress, namely a fixed steel ball riding on a rotating steel cylinder. 


1 at : 
aa It was found that very smooth and very rough surfaces gave less metallic contact than surfaces 
ary : ; ee 
: of intermediate roughness; very smooth surfaces also gave less friction. 
ra 


th Four different types of antiwear/antifriction additives (including tricresyl phosphate) were 
e ° . _— . 

studied and although they were found to reduce metallic contact and friction, they had little 
effect in reducing surface roughness. Rather, the additives merely slowed down the wearing-in 


inly process of the base oil. Thus, the “chemical polishing” mechanism advanced for the antiwear be- 
well havior of tricresyl phosphate appears to be incorrect. 

face With rough surfaces, the improvement in load-carrying capacity with increasing viscosity was 
gth. less than that shown previously with smooth surfaces. Also, oils with a large pressure-viscosity 
at coefficient did not show the expected beneficial effect with rougher surfaces. 

nts. 





Introduction 


ALTHOUGH few would argue with the view that surface 
topography is an important factor in the transition from 
hydrodynamic to boundary lubrication, the nature of and 
reasons for roughness effects are still quite controversial. 
In fact, the literature on surface roughness effects on 
lubrication appears at first sight to contain several con- 
tradictions. 


On one hand, there is the older and perhaps classic 
concept that “the smoother the surfaces, the better they 
are.” The reasoning is straightforward and logical. With 
a given average oil film thickness, there is less chance 
that contact will occur if the surfaces are very smooth. 
In this regard, reference may be made to running-in as a 
beneficial polishing process (1), the advantages of surface 
treatments such as “superfinishing” (2) and the antiwear 
action of the lubricant additive tricresyl phosphate— 
postulated to act through a “chemical polishing” mecha- 
nism (3). 

On the other hand, there is evidence that rougher 
surfaces are better for effective lubrication. Martz (4) 
concludes that with controlled surface roughness, pores 
are provided for trapped oil. Furthermore, these pores 
can act as outlets for dirt or debris. Along the same line, 
Midgley and Wilman (5) postulate that the beneficial 
effect of phosphating is a physical one to help create 
the right kind of porous surface. In addition, the use 
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of porous chromium plating to improve the lubrication of 
engine cylinders has been reported (6). With this method, 
the plating process is controlled to produce pits, depres- 
sions, or crevices by anodic etching. 


Of course, one view does not necessarily exclude the 
other. For example, it has been shown that although 
increasing the surface porosity reduced scuffing and 
wear in aircraft engine cylinders, further increases in 
porosity brought about extreme wear and scuffing (4). 
This is somewhat similar to the findings of Salama (7). 
In a study of the effect of macroroughness (expressed 
as waviness) on the performance of parallel thrust bear- 
ings, he found that an optimum wave height existed for 
maximum bearing capacity. 


In these studies, performance was generally measured 
in terms of friction, wear or seizure. Whether a particular 
system was operating in the “hydrodynamic” condition 
or in the “boundary” condition was not known. This, of 
course, would be expected to have a considerable effect 
on the results obtained. 


With the development of a ball-on-cylinder device de- 
scribed in a previous paper (8), a tool became available 
for studying the transition zone between hydrodynamic 
and boundary lubrication. Accordingly, this device was 
used in the present study of surface roughness effects in 
lubrication. The objects of this investigation were: 
(a) To study the effect of surface topography on the 
extent of metallic contact and friction in a sliding sys- 
tem. (b) To determine if the action of certain types of 
antiwear additives could be explained on the basis of 
their effects on surface roughness. (c) To determine if 
effects of lubricant viscosity and pressure-viscosity prop- 
erties varied with surface roughness. 
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Experimental details 
APPARATUS 


The metallic contact and friction data were obtained 
using a ball-on-cylinder device previously described (8). 
The system—consisting basically of a fixed metal ball 
loaded against a rotating cylinder—is one of pure sliding. 
The extent of metallic contact is determined by measur- 
ing both the instantaneous and average electrical re- 
sistance between the two surfaces. In general, the electri- 
cal resistance fluctuates very rapidly from a very high 
value to a very low value, suggesting that metallic con- 
tact is discontinuous. The average recorded resistance, 
therefore, is a time average and is consequently related 
to the per cent of the time that metallic contact occurs 
—hereafter referred to as “% metallic contact.” It has 
been found that there is an excellent correlation between 
“% metallic contact” and wear in this system. The 
friction between the ball and cylinder is measured by 
means of a small differential transformer and is recorded 
continuously. 

With this apparatus, the entire region from hydro- 
dynamic (no metallic contact) to pure “boundary” 
lubrication (continuous metallic contact) can be readily 
investigated. 


Test PROCEDURE 


In these tests, metallic contact and friction at a given 
load and speed are recorded with time. The test speci- 
mens—% inch balls and 134 inch diameter cylinders— 
were made of AISI 52100 steel. All the tests were run 
at the same temperature—77 F—and at one speed— 
240 rpm (56 cm per sec sliding velocity). The loads were 
varied from 3.75 to 4000 gm, corresponding to mean 
Hertz pressures of 13,700 to 141,000 psi. 

The test balls were highly polished Grade 1 precision 
balls having an average surface roughness of less than 2 
microinches CLA (Center Line Average). The roughness 
of the cylinders was varied for the purpose of this study. 

In all, eight cylinder roughnesses ranging from about 
3 to 90 microinches CLA were investigated. Seven of 
these were obtained by grinding or polishing the cylinders 
on a lathe with various grades of abrasive cloth. The 
roughest surfaces were prepared by sandblasting. A 
stylus type instrument was used to measure the rough- 
ness of the cylinders. Average values as well as actual 
recorded profiles were obtained in two directions, namely 
parallel to the axis of the cylinder and also around the 
cylinder in the direction of sliding. 

The first part of this study deals with the effect of 
surface roughness on metallic contact and friction. The 
average roughness values of the cylinders used in this 
phase are summarized in Table 1. 

As one might expect, the sandblasting process, unlike 
polishing a rotating cylinder with an abrasive cloth, 
produces a nondirectional surface finish. However, the 
directional nature of polished cylindrical surfaces de- 
creases with increasing smoothness. 


TABLE 1 
Surface Roughness of Test Cylinders Used 





Average surface roughness 
in microinches (CLA) 


Mode of surface Parallel 
preparation to axis 





In direction 
of sliding 





Sandblasting 88.3 87.3 

Grinding or polishing with 
abrasive cloth® 

80 Grit 40.5 19.6 

120 Grit 23.5 12.7 

180 Grit 22.2 425 

240 Grit 10.7 5.6 

320 Grit 6.2 $2 

500 Grit 4.2 3.4 

Polishing Cloth? | 3.4 





@ Unless otherwise indicated, aluminum oxide cloth was used. 
» Silicon carbide polishing cloth. 


Examples of roughness profiles of the test cylinders are 
shown in Fig. 1. All these were taken parallel to the 
axis of the cylinder. 


LUBRICANTS EXAMINED 


The lubricant was generally supplied by having the 
rotating cylinder dip into a bath of the oil and carry 
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Fic. 1. Examples of roughness profiles of test cylinders 
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it around to the rubbing junction. This is referred to in 
the paper as the normal immersion method. However, 
special thin film tests were carried out to determine 
how much, if any, of an apparent roughness effect might 
be due to variations in the amount of oil picked up by 
the rotating cylinder. In these tests, the oil was applied 
to the cylinder by a wiping technique. A rubber sponge 
with very fine pores was soaked in oil for a given length 
of time, allowed to drain and then pressed against the 
rotating cylinder throughout each run. This minimized 
variations in film thickness. In some tests, solvent-de- 
posited oil films of controlled thickness were also used. 

In the first study, on the effect of surface roughness 
on metallic contact and friction, a straight mineral oil 
was used. This was a solvent-extracted distillate having 
a viscosity of 34.9 cps at 77 F and a viscosity index of 
110. 

In the second study, on additive effects, the above 
mineral oil was used as a base for each of four types of 
antiwear, antifriction and EP additives. These consisted 
of the following: (a) Tricresyl phosphate, an antiwear 
compound which has been postulated to work through a 
“chemical polishing” action. (b) Oleic acid, a classic 
example of the fatty acid type of “oiliness” or antifriction 
additive. (c) Zinc dihexyl dithiophosphate, a compound 
which has EP properties and which is also known to 
reduce valve train wear in automotive engines. (d) A 
chlorotrifluoroethylene derivative having EP and anti- 
wear properties. 

In the third study, on viscosity and pressure-viscosity 
effects, two types of mineral oils were used at viscosities 
ranging from 35 to 45cp at 77 F. These two types, 
namely paraffinic and naphthenic, varied considerably in 
pressure-viscosity and temperature-viscosity properties. 


Results and discussion 


EFFECT OF SURFACE ROUGHNESS ON METALLIC 
CONTACT AND FRICTION 


Metallic Contact. An example of the metallic contact 
data obtained in the normal immersion tests is shown 
in Fig. 2 which illustrates the over-all effect of roughness. 
For simplicity, only four of the eight roughnesses are 
included in this figure. The data plotted represent initial 
metallic contact—being taken after only two minutes 
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. 2. Over-all effect of surface preparation on metallic contact 


of operation. The reason for this is that the roughness 
data obtained represent the initial condition of each 
surface. As a test proceeds, wear occurs (the extent de- 
pending upon the load, speed, initial finish, lubricant, 
etc.) and the roughness changes. However, very little 
change in metallic contact occurs in the first few minutes 
of operation. 

The general shape of the contact/load plots is similar 
to what has been observed with mineral oils of different 
viscosity [see Ref. (9)]. It can be seen that surface 
roughness does influence metallic contact, the over-all 
effect being quite large. Depending on roughness, the 
load required to produce contact 50% of the time can 
vary by as much as a factor of ten. At a given load, the 
smoothest surface, identified as “polished” in Fig. 2, al- 
ways gave the least contact. The rest of the picture is 
not as simple, however. For example, note that the 
roughest surface (sandblasted) did not give the most 
contact. 

If one plots the extent of metallic contact against 
roughness, the over-all effect can be seen more clearly. 
This is shown in Fig. 3 in which the metallic contact 
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Fic. 3. Effect of surface roughness on metallic contact in im- 
mersion tests. 


data for all the surfaces are plotted against roughness. 
It is evident that contact increases rapidly with increasing 
roughness up to a certain narrow region (ca. 10-20 
microinches CLA) beyond which it decreases as the 
roughness becomes greater. In fact, the roughest surface 
—the one prepared by sandblasting and having an aver- 
age roughness of 88 microinches—produces about the 
same amount of contact as the smooth one (ca. 4 micro- 
inches) prepared by using 500 grit abrasive cloth. 

To determine whether this unusual effect had anything 
to do with differences in the amount of oil picked up by 
the rotating cylinder (e.g., a very rough surface may 
tend to pick up more oil), this entire study was repeated 
under the “thin film” conditions described earlier. 

First of all, it was found that, depending upon the 
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load, the amount of metallic contact increased somewhat 
in going from the normal dipping procedure to the thin 
film tests. However, as shown in Fig. 4, the same gen- 
eral effect of surface roughness occurred. It can be seen 
that beyond the 20 microinch CLA roughness, the thin- 
film plots are more gradual or smoother than the im- 
mersion curves (Fig. 3). Again, the greatest amount of 
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Fic. 4. Effect of surface roughness on metallic contact in thin- 
film tests. 


metallic contact usually occurs at an average rough- 
ness somewhere between 8 and 20 microinches. It is 
particularly interesting that the behavior of the rough 
sandblasted surfaces is what one would have predicted 
from the behavior of the smoother polished surfaces. In 
other words, all these results appear to fall on the same 
general curve for each load. 


It was thought that even under the wiped “thin-film” 
conditions used in this study, somewhat more oil might 
be picked up by the rougher surfaces. To check this 
point, some additional experiments were carried out with 
thin, solvent-deposited oil films, the average thickness 
being controlled by varying the concentration of oil in 
the solvent (hexane). It was found that for a given 
average oil film thickness, sandblasted cylinders (88-90 
microinch CLA) still produced less metallic contact than 
smoother cylinders (11 microinch CLA) polished with 
240 grit abrasive cloth. 


In both Figs. 3 and 4, the roughness plotted is that 
measured parallel to the cylinder axis, but the general 
picture is the same regardless of the direction of meas- 
urement. This in itself is not too surprising since there is 
a reasonably good relationship between roughness meas- 
ured across the cylinder and roughness measured around 
the cylinder. Since the problem of contact between the 
ball and cylinder is actually a three-dimensional one, it 
would be expected that the roughness in both directions 
should be important. A detailed study of the contact 


data (Appendix Table 1) suggests that indeed this is 
so.” 

Friction. Examples of the effect of surface roughness 
on friction are shown in Fig. 5. It can be seen that 
similar to what was observed with metallic contact, fric- 
tion was low for the highly polished surfaces and rose 
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Fic. 5. Influence of surface roughness on friction 


with increasing roughness. The rise in friction continued 
up to a roughness of about 10 microinches, the same 
general level at which metallic contact stopped increasing. 
However, whereas further increases in surface roughness 
brought about a reduction in metallic contact, this did 
not occur with friction. It can be seen that above 10 
microinches CLA, friction is independent of roughness. 

Significance of the Findings. The initial increase in 
metallic contact with increasing roughness is what one 
might expect based on the idea that for a given average 
oil film thickness, rougher surfaces would have a greater 
number of asperities equalling or exceeding this thick- 
ness—thereby leading to more extensive contact. The 
decrease in metallic contact with further increases in 
roughness is more difficult to explain although the results 
are similar to those reported by Martz (4) and Salama 
(7). 

It is possible that the larger pockets and valleys found 
on rougher surfaces act as more efficient reservoirs or 





2 For example, although the cylinders polished with silicon 
carbide paper and those polished with 500 grit aluminum oxide 
cloth had exactly the same roughness as measured around the 
cylinder, the carbide paper produced a smoother surface as 
measured in the other direction. The smoother surface consistently 
produced less metallic contact, regardless of the load or type of 
test. 
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channels which aid in supplying lubricant to the high 
stress contact area. This idea is similar to the previously 
mentioned work of Midgley and Willman (5). In studies 
on the nature of wear protection by phosphating, they 
concluded that the effect was a physical one which de- 
pended upon the channels created in the surface. Ac- 
cording to these authors, the channels helped in three 
ways: by supplying lubricant to all parts of the surface, 
by acting as an outlet for wear debris, and by preventing 
extensive welding. Under the conditions used in the 
present study (i.e., short test time, light to moderate 
loads), the latter two factors would probably not be 
important. However, more work would be necessary to 
determine whether this oil “pocket or channeling” effect 
is a factor at all. 

There is yet another possible explanation which the 
author feels is most important. This has to do with the 
fact that as the ball and cylinder come closer and closer 
together (e.g., due to an increase in load), the ball first 
comes into contact with the Aighest asperities or peaks. 
Consequently, the distance between predominant peaks, 
rather than average roughness, has a greater effect on 
the per cent of the time that metallic contact exists. As 
one proceeds from very fine abrasive cloth (e.g., 500 
grit) to coarse abrasive cloth (e.g., 80 grit), both the 
depth and width of the valleys formed become greater. 
Therefore, predominant peaks on the rougher surface 
are farther apart. This can be seen from profile traces. 

Now in the ball and cylinder system, one can consider 
that collisions occur between the ball and the predominant 
peaks on the rotating cylinder. Each collision causes an 
additional force on the ball, a force which undoubtedly 
has a horizontal component and which also quite con- 
ceivably has a vertical component. A vertical force di- 
rected upwards on the ball can have a large effect on 
metallic contact. For one, the load is reduced and this 
would tend to decrease the extent of metallic contact. 
In an extreme case, it is possible for this vertical com- 
ponent of the impact load to exceed the normal applied 
load. This would cause the ball to leave the cylinder 
and obviously reduce metallic contact. 

Based on this concept, how can one explain the fact 
that above a certain roughness level, friction is independ- 
ent of roughness even though metallic contact becomes 
less and less frequent? One possibility is that there is 
an additional source of friction which becomes more 
important as roughness is increased. This could very 
well be the horizontal component of the impact load 
caused by the collision process just described. Why the 
sum of the horizontal forces, or the measured friction, 
should remain constant with increasing roughness is not 
known. More work is needed to answer these questions. 
An analytical treatment of metallic contact and the 
forces encountered during sliding as a function of surface 
topography should help in this regard. 


EFFECT OF ANTIWEAR AND/OR ANTIFRICTION ADDITIVES 
ON SURFACE ROUGHNESS 


To study the effect, if any, of antiwear and/or anti- 
friction additives on surface roughness, several additional 
experiments were carried out in the ball-on-cylinder ma- 
chine. One goal of this work was to determine whether 
the action of any of the additives could be explained on 
the basis of their effect on surface roughness. As shown 
in the first part of the present paper, very highly polished 
(e.g., 3-5 microinch CLA) surfaces gave low metallic 
contact and low friction. It was decided, therefore, to 
carry out these tests on rough cylinders. If the additives 
caused beneficial effects on metallic contact and/or fric- 
tion, then the wear tracks formed could be more easily 
examined for signs of polishing action. 

Tests with Four Different Types of Additives. In, the 
first series of tests, a new sandblasted cylinder was used 
for each oil and a new ball and cylinder track was 
used for each test at a given load. All the cylinders had 
an original surface roughness of about 105 microinches 
CLA. Using this procedure, 16-minute tests were run on 
a base oil and four additive oils at loads ranging from 
15 to 960 gm and at a speed of 240 rpm. Both metallic 
contact and friction were recorded as usual. On comple- 
tion of the tests, the roughness of the various wear tracks 
was determined with the stylus instrument. Roughness 
profiles as well as average values were obtained within 
each wear track (in the direction around the cylinder) 
as well as across each wear track. Since the wear tracks 
formed at the two lightest loads (15 and 60 gm) were 
faint and thin, roughness measurements within these 
tracks could not be determined accurately. However, the 
tracks formed at the 240 and 960 gm loads were much 
broader and their roughness could be measured easily 
and accurately. 

A summary of the metallic contact and roughness data 
obtained from this first series of tests with additive oils is 
shown in Table 2. 

TABLE 2 
Effect of Various Antiwear and/or Antifriction Additives on 
Metallic Contact and Surface Roughness 





Decrease in 
roughness 


(microinch 
% Metallic contact 


CLA) in 
Additives in at load of 240g 960 g 


base oil 15g 60g 240g 960g Track Track 








None 11 38 81 96 13 29 
1% Tricresyl 
phosphate 10 42 11 
1% Oleic acid 6 22 60 —52 
1% Zinc dihexyl 
dithiophosphate 44 70 
1% Halogen 
compound? 7 28 78 





@ Roughness increased. 
> Derivative of chlorotrifluoroethylene. 
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Several conclusions can be drawn from these data. 
First of all, and most essential for the study to be 
meaningful, each of the four additives tested had a 
significant effect in reducing metallic contact. In fact, 
each additive reduced metallic contact at each of the 
four loads used. Under these test conditions, tricresyl 
phosphate was the most effective of the four additives, 
while the halogen compound was the least effective. 

Second, mineral oil alone reduced surface roughness 
more than any additive. To term this a “roughening” 
effect of the additives, however, is not valid because these 
compounds, by decreasing metallic contact and wear, may 
have merely slowed down the wearing-in process. 

Third, increasing the load resulted in smoother wear 
tracks for the base oil and for the oils containing tri- 
cresyl phosphate and oleic acid. However, it had no 
effect with zinc dithiophosphate and the halogen deriva- 
tive, possibly a reflection of their antiwear behavior. 

It is quite apparent from the results shown in Table 2 
that the effects of these additives in reducing metallic 
contact are not due to effects they may have had on 
surface roughness. In fact, Fig. 3 says that a decrease 
in roughness of this magnitude and at this level should 
have very little effect on metallic contact. If anything, a 
slight increase in metallic contact would be expected at 
the lower load (240 g). 

Interestingly enough, the additives were also able to 
influence friction with these very rough surfaces. Of 
these, oleic acid was the most effective, reducing friction 
from about 5—50% depending upon the load. Tricresyl 
phosphate was somewhat less effective while the chloro- 
trifluoro compound was the least effective of the group. 
At the high loads for which wear track roughness data 
were obtained, the friction reductions caused by the ad- 
ditives ranged from about 8% for the halogen compound 
to 15% for oleic acid. These results, like the metallic 
contact data, are noteworthy because based on roughness 
(Fig. 5) none of the four additives should have had any 
effect at all on friction. The beneficial effects of these 
additives can thus be stated as not being a result of 
smoothing the metal surface. 

One of the most interesting features of the additive 
study was the behavior of tricresyl phosphate. In com- 
parison with the base oil, tricresyl phosphate had little 
effect on surface roughness at the 240 gm load, and 
actually resulted in a rougher wear track at the 960 gm 
load. In 1940, Beeck et al. (3) introduced the concept 
of “chemical polishing” action to explain the effect of 
tricresyl phosphate in reducing wear. Briefly, they postu- 
lated that the phosphate reacted with iron to form an 
iron phosphide at local points of high temperature. The 
phosphide then formed a low-melting eutectic with iron, 
the eutectic melting at about 515 C below the melting 
point of iron. This leads to melting and flow of the 
high points on the surface with the end result being a 
very smooth surface which can be more readily lubri- 
cated with oil. 


Since the results of the present additive study did not 
support, and in fact seemed to contradict the ‘chemical 
polishing” theory, it was decided to carry out further 
studies on tricresyl phosphate. These are discussed in the 
following section. 

Additional Studies on Tricresyl Phosphate. To elimi- 
nate any cylinder-to-cylinder variations (e.g., in rough- 
ness), several tests were carried out on a single sand- 
blasted cylinder using a new ball and fresh cylinder 
track for each run. This cylinder had an original rough- 
ness of 99 microinches CLA. The first tests were run on 
the base oil at different loads. Upon completion of these 
tests, the cylinder was thoroughly rinsed in hexane to 
remove residual oil and then used for subsequent tests 
on the base oil containing 1% tricresyl phosphate. The 
results of these experiments are summarized in Fig. 6. 
The detailed data are shown in Appendix Table 2. 
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Fic. 6. Effect of tricresyl phosphate on metallic contact and 
roughness. 





It can be seen that at the 240 gm load, tricresy] phos- 
phate reduced metallic contact from 86% to 10% but 
had no significant effect on surface roughness. Further- 
more, at the next highest load (960 gm), tricresyl 
phosphate reduced metallic contact from 100% to about 
60% but the resultant wear track was rougher by 12 
microinches CLA. At the highest load, 4000 gm, both 
oils produced continuous (100%) metallic contact but 
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the phosphate reduced wear. In this case, the cylinder 
tracks lubricated with the oil containing the tricresyl 
phosphate were rougher by about 23 microinches CLA. 
These results are in general agreement with the previous 
findings. 

In addition, profile traces of all the tracks were made 
and carefully examined. It was found that the tricresyl 
phosphate did not cause any unusual leveling or flatten- 
ing of peaks, for example, to produce plateaus or any 
other distinct topography. All the tracks had the same 
basic features with the predominant peaks being worn 
off to an increasing extent with greater loads. 

These data show that the action of tricresyl phosphate 
in reducing metallic contact is not a polishing effect, 
at least in the sense of the polishing effects discussed in 
the first part of this paper. 


EFFECT OF LUBRICANT VISCOSITY AND PRESSURE- 
VISCOSITY PROPERTIES 


Viscosity-Roughness Interactions. In a previous study 
with the ball-on-cylinder system (9), it was shown that 
lubricant viscosity is an important factor influencing 
metallic contact in the transition zone between hydro- 
dynamic and boundary lubrication. This study was made 
with relatively smooth (8-10 microinch CLA) machine- 
ground cylinders. 

To determine whether the same effect of viscosity 
would exist if considerably rougher surfaces were used, 
three mineral oils of same type (paraffinic) but varying 
in viscosity were evaluated in the ball-on-cylinder device 
using sandblasted (94-106 microinch CLA) cylinders. 
(More will be said about these oils later.) A summary 
of the results obtained is shown in Table 3. Here, for 


TABLE 3 
Effect of Surface Topography and Viscosity 
on Load-Carrying-Capacity 





Load-carrying capacity, 
W o9(8) 
Sand- Machine 
blasting grinding 





Mode of Surface Preparation: 





Surface Roughness (Microinches CLA): 94-106 8-10 
Lubrication viscosity at 77 F (cp) 
34.9 28 11 
234 69 81 
435 91 212 





comparison with previous data (9), the results are ex- 
pressed in terms of load-carrying capacity. The load- 
carrying capacity Wo, for example, is the load required 
to produce metallic contact 20% of the time. 

It can be seen that the effect of lubricant viscosity on 
load-carrying capacity depends upon the way in which 
the surface was prepared. For example, increasing the 
viscosity by a factor of over 12 increases the load-carry- 
ing capacity of the smoother machine-ground surfaces 
by a factor of about 20, but of the rougher sandblasted 
surfaces by a factor of only 3. Another way of looking 


at this interaction is to consider that for lower viscosity 
oils, the sandblasted surfaces are better by a factor of 
about 3. For higher viscosity oils, the machine-ground 
surfaces are better by a factor of over 2. 


Since these two types of surfaces were prepared in 
such different ways, it would not be appropriate to 
view this interaction as simply one between average 
roughness and viscosity. Furthermore, it should be 
pointed out that even for a given average roughness, the 
machine-ground cylinders used in the present study 
produced more metallic contact than cylinders prepared 
with abrasive cloth. Although the reasons for this dif- 
ference are not known, it is believed that it could be 
due to large-order surface irregularities, a waviness caused 
perhaps by the grinding wheel and upon which the 
small-order surface roughness is superimposed. The ma- 
chine-ground cylinders used in this particular study 
tend to show more waviness than those prepared with 
an abrasive cloth. Because of the way in which the 
stylus instrument functions, this large-order waviness 
has little effect on CLA roughness, but can be deter- 
mined by actual profile traces. Nevertheless, it is clear 
that a highly significant interaction exists between the 
topography of the surface and lubricant viscosity. This 
interaction is worthy of further study. 

Pressure-Viscosity Effects. Although it had been shown 
previously that pressure-viscosity properties were not 
important in this particular system (9), it was specu- 
lated that they could very well become more important 
if rougher surfaces were used. For one, it has been 
observed that there is more vertical movement or vibra- 
tion of a ball resting on a rough rotating cylinder than 
one on a smooth one. This could lead to greater impact 
loads as discussed in an earlier part of this paper and 
possibly higher pressures in the oil film. Furthermore, 
rougher surfaces tend to produce greater impact load- 
ing in the direction of sliding. This could also subject 
the oil caught between the colliding surfaces to higher 
pressures. In addition, Burton (10) has recently made 
an interesting analytical study of surface roughness 
effects on the load support characteristics of a lubricant 
film. He concluded that “for a fluid whose viscosity 
increases with pressure, there can be a net load-support- 
ing effect in a parallel surface slider bearing with two- 
dimensional surface roughness.” 

To determine whether or not pressure-viscosity prop- 
erties could indeed become significant in the ball-on- 
cylinder system if rougher surfaces were used, a com- 
parison was made between the three paraffinic oils just 
discussed and three naphthenic oils matched in viscosity. 
The viscosity properties of all six mineral oils are shown 
in Table 4. In addition, calculated viscosities at 20,000 
psi are shown for comparison. Based on calculated mean 
Hertz pressure, this corresponds to an applied load of 
about 12 gm in the ball-on-cylinder device. 

It can be seen that the two types of oils vary con- 
siderably in their pressure-viscosity properties. At 20,000 





TABLE 4 
Properties of Mineral Oils Studied 





Viscosity (cp) 








Siciaiatin. at 77 F and: 

viscosity 20,000 
Type VI coefficient@ 1 atm. psi 

Paraffinic 110 1.34 x 10-40 34.9 510 
100 1.59 x 10—4¢ 234 5,610 
101 1.67 x 10—4¢ 435 12,300 
Naphthenic 29 1.70 x 10-42 36.6 1,100 
33 2.21 X 10—4¢ 232 19,300 
35 2.38 X 10—4¢ 434 50,700 





2 a in the Barus equation 1/4, = e*? where w/pp, is the ratio 
of the viscosity at pressure p to the viscosity at atmosphere 
pressure. 

b Experimentally determined [Ref. (9)]. 

¢ Estimated from the ASME Pressure-Viscosity Report (11). 


psi, the naphthenic oils are about two to four times as 
viscous as the paraffinic oils. At higher pressures, the 
differences between the two types of oils become even 
greater. 

However, in spite of these differences, the metallic 
contact data obtained with these six oils on rough sur- 
faces indicate that pressure-viscosity effects are not 
important. This is shown by the data in Table 5. It can 
also be seen that the main effect is one of viscosity at 
the test temperature and at atmospheric pressure. 

These results confirm the previous findings and are 


TABLE 5 
Effect of Pressure-Viscosity Properties on Metallic 
Contact with Rough Surfaces 





% Metallic contact 








Viscosity kia 
Lubricant at77F at load o 
type (cp) 15g 60g 240g 960 g 
Paraffinic 34.9 13 31 79 99 
234 — 16 58 95 
435 — 10 54 90 
Naphthenic 36.6 11 27 67 98 
232 — 16 54 95 
435 — 9 46 90 
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consistent with the idea set forth previously that the 
properties of the oil in the entrance zone, and not the 
contact zone, are the most important factors affecting the 
load-carrying of Newtonian fluids in this system. 


Conclusions 


The data presented in this paper permit several im- 
portant conclusions to be drawn on the effect of surface 
roughness on metallic contact and friction. 

In the transition zone between hydrodynamic and 
boundary lubrication, surface roughness is extremely 
important. Depending on roughness, load-carrying ca- 
pacity could vary by as much as tenfold. Furthermore, 
there is a certain rather narrow roughness range which 
produces the most metallic contact; surfaces smoother 
or rougher than this gave less contact. However, only 
the smoother surfaces gave lower friction. 

It was also found that the effects of a variety of lubri- 
cant antiwear and/or antifriction additives could not be 
explained on the basis of effects of these additives on 
surface roughness. It is of particular interest that tri- 
cresyl phosphate, the classic example of an antiwear 
additive which is supposed to function by a “chemical 
polishing” mechanism, does not appear to act by a polish- 
ing process in these experiments. 

Regarding lubricant viscosity and roughness effects, it 
was found that a highly significant interaction exists be- 
tween viscosity and the topography of the surface. The 
beneficial effect of increasing viscosity on load-carrying 
capacity is much less with rough surfaces than with 
smooth ones. Furthermore, and contrary to what had 
been expected, pressure-viscosity properties of lubri- 
cants do not become more important as surface rough- 
ness is increased. These conclusions are, of course, based 
on studies in a system of relatively high contact stress 
and of pure sliding. Whether they would apply to other 
systems varying in geometry as well as in the degree of 
sliding and rolling is another matter. However, it seems 
likely to the author that these results will be of general 
applicability to a wide variety of systems providing that 
they are operating in the transition zone between hydro- 
dynamic and boundary lubrication. 
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Surface Roughness Effects on Metallic Contact 


Appendix 


APPENDIX TABLE 1 
Effect of Surface Roughness, Load and Type of Test on Metallic Contact in the Ball-on-Cylinder Device 





% Metallic contact 





Sand- 80 
Mode of Surface Preparation: blasting 


180 240 320 500 Polishing 
Grit Grit Grit Grit cloth 





Surface roughness (Microinches CLA) 





~ Parallel to axis 88.3 
In direction of sliding 87.3 





Type of test Load (gm) 





Immersion 3.75 3.4 44 5.8 
15 11.6 16.9 20.0 

60 25.2 56.8 57.5 

240 61.4 79.1 79.9 

960 96.9 96.9 96.0 


Thin film 3.9 6.4 9.0 
15 8.5 17.2 30.7 

60 23.4 S77 72.6 

240 71.0 87.3 88.4 

960 90.1 95.0 92.9 


10.7 ‘ . 3.1 
5.6 , ’ 3.4 





@ Tests at 240 rpm using base paraffinic mineral oil (34.9 cp at 77 F). 


APPENDIX TABLE 2 
Effect of Tricresyl Phosphate on 
Metallic Contact and Surface Roughness® 





Roughness of 
wear track 
Additive % Metallic (microinches 
in base oil contact? CLA) 


is) 
wn 
— 





None 88 88 
84 92 

100 68 

100 72 

100 43 

100 41 

1% Tricresyl 10 91 
Phosphate 11 88 
960 57 80 

960 62 84 

4000 100 64 

4000 100 66 


Iraoowunnr > = 





@ 16-minute tests at 240 rpm on a sandblasted steel test cylinder 
having an original surface roughness of 99 microinches CLA. 
>’ At 16 minutes. 
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DISCUSSION 


Tan O. MacConocuie (NASA, Langley Research Center, Hampton, 
Virginia) : 


The author has carried out a very intensive study of surface 
roughness effects on metallic contact and friction. Under his test 
conditions the author finds an increase in the percentage of metal- 
lic contacts followed by a decrease; and cites two surfaces of 88 
and 4 microinches, respectively, which yield the same percentages. 
Under equal loads on the rider, the peaks of the rougher surface 
would of necessity carry higher unit loads and possibly produce 
greater wear rates so that percentage metallic contact may not be 
a particularly useful figure. 

One risk in gleaning data from any single experimenter’s results 
is making broad generalizations regarding tests run on a particu- 
lar type of machine. In this case the author utilized a ball-on- 
cylinder device, indeed a relatively unusual configuration for slid- 
ing surfaces in modern day machines. The author is reluctant to 
refer to the action of tricresyl phosphate as one of chemical polish- 
ing. However, many additives rely for their successful operation on 
elevated temperatures; also, the reactions take time. For point 
contact, the transit time through the friction zone is extremely 
short; but how would the additive perform if oil bath tempera- 
tures were higher or the area of contact larger (a flat block on a 
flat plane, for instance) so that the additive attained sufficient 
temperatures in a reasonable length of time to become operable? 


R. S. Ferm (Texaco Research Center, Beacon, New York): 


The author is to be commended for his thought provoking 
paper. The excellent data in the paper demonstrate how little 
is understood about mechanisms of “boundary” lubrication or 
“thin-film” lubrication. The purpose of this discussion is to sug- 
gest that the author’s results on the effect of roughness may be 
explainable by squeeze films of lubricant between approaching 
asperities. 

“Boundary” lubrication often is considered to exist when the 
load support between surfaces is by asperity contact. In treating 
“thin-film” elastohydrodynamic lubrication theoretically, the sur- 
faces are usually assumed to be smooth; failure of the hydrody- 
namic lubrication is then assumed to occur when the elastohydro- 
dynamic film thickness becomes equal to the height of the 
predominant asperities. The author’s study apparently has been 


conducted in this intermediate region between elastohydrodynamic 
and boundary lubrication. It appears likely that when the average 
elastohydrodynamic film thickness approaches the height of the 
predominant asperities, approaching asperities will tend to trap 
lubricant. This should lead to pressure “flashes” when predominant 
asperities pass and thus some load support by asperities. The 
proportion of the load supported by asperities would be expected 
to increase as the average film thickness decreases. Ultimately, the 
entire load would be supported on the “pressure flashes” between 
asperities. It would be expected, as in the case of large scale elasto- 
hydrodynamic lubrication with smooth surfaces, that elastic as- 
perity deformation, viscosity, and increase of viscosity with pres- 
sure would play important roles. 

The mechanism based on lubricant trapping between asperities 
is supported by the author’s data which show a rather complicated 
behavior of metallic contact as a function of Centerline Average 
(CLA) roughness. As the author points out, the CLA roughness 
is an imperfect measure of surface finish. If trapping of lubricant 
between asperities is a mechanism of the lubrication, the relative 
radii of curvature between predominant asperities should be im- 
portant. Larger relative radii should lead to more efficient trap- 
ping and, hence, less chance of metallic contact. 

In the author’s work, the surface finish of the cylinder was 
varied while that of the balls was constant. Hence, it is only 
necessary to examine the radii of predominant asperities on the 
cylinders. The second row in Table B1 shows radii estimated! for 
a sampling of four predominant asperities from each of the surface 
profiles shown by the author in Fig. 1. The table also shows cor- 
responding CLA roughness and % metallic contact from the 
author’s paper. It is readily apparent that the surfaces with the 
greater radii of predominant asperities tend to give the least 
metallic contact. Further, the table shows that there is no simple 
relationship between predominant asperity radii and the CLA 
roughness. 

It may be argued that the estimates of asperity radii are crude 
and that the sampling is too small to be representative. However, 
the excellent correlation between increasing predominant asperity 





1 Estimated using the approximation that the radius equals 
X*/8Z where Z is the distance below the asperity tip at which 
the asperity width X is measured. 








TABLE Bl 
Sand 500 80 240 
Surface Polished blasted Grit Grit Grit 
CLA roughness,@ 
microinches 33 88.3 4.2 40.5 10.7 
Estimated 6 3 4 3 3 
Predominant 50 7 6 3 4 
Asperity > 50 8 9 6 
Radius,? 10-3 cm > 100 > 23 14 19 6 
Per-cent metallic contact 
at 60g load¢ 94 25.2 48.0 56.8 70.3 





@ From Table 1. 


» From Fig. 1, values labelled shown with the symbol > in front are approximately flat-topped 


asperities. 


¢ From Appendix Table 1, immersion type test. 
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radius (particularly the largest radius for each surface) and de- 
creasing metallic contact strongly suggests that squeeze films be- 
tween approaching asperities may be an important mechanism 
of lubrication. 


B. G. RiGHTMIRE (Professor of Mechanical Engineering, M.1.T., 
Cambridge 39, Massachusetts) : 


For ideally smooth surfaces, the load capacity of the system 
studied results from the elastohydrodynamic (ehd) action of a 
ball on a rotating cylinder flooded with viscous liquid. Suppose 
that a small-scale roughness pattern having a short wavelength 
compared to the minor axis of the ideal Hertz region is super- 
posed on the cylinder. The effect of this roughness can be assessed 
by considering departures produced by it from the ideal pattern. 
Such departures clearly depend on the ratio of the peak height 
to the minimum thickness of the ideal ehd film. The surfaces 
finished with the fine grades of abrasive conform to this model. 

Suppose, alternatively, that a waviness of length comparable to 
the minor axis of the ideal Hertz region is superposed on the 
cylinder. One is now faced with a new ehd problem in which more 
or less spherical, moving asperities interact with the stationary 
ball in the presence of liquid. The sandblasted surfaces approximate 
to this case. 

We now consider the experimental results in the light of these 
two models. 


1. Effect of roughness on metallic contact and friction. 

As roughness increases from zero, the first model leads to an 
initial increase in metallic contact, but this will be followed by a 
gradual decrease, as the ehd action of the individual asperities 
becomes important (model two). Correspondingly, the friction 
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will initially increase, and then may or may not decrease, de- 
pending on the shear stresses set up in the highly compressed 
ehd films associated with the asperities of the second model. 


2. Action of tricresylphosphate (TCP). 

All experiments with TCP were made on the sandblasted 
cylinders, which we have assumed correspond to model two. The 
results with TCP, relative to those with base oil alone, show 
reductions in metallic contact, friction, and rate of change of 
surface profile. These effects are readily explained in the usual way: 
by the formation of an inorganic film at regions of high tem- 
perature. It is suggested that the “chemical polishing” of the 
small-scale peaks on surfaces conforming to the first model might 
be a more important factor in the action of TCP than it is for 
sandblasted surfaces. 


3. Effect of viscosity. 

Here experiments were made with oils of three different 
viscosities on the sandblasted surfaces (model two) and on 
machine-ground surfaces which presumably conformed to model 
one. The results are what might be expected: the sandblasted 
surfaces are relatively insensitive to viscosity, but the load capacity 
of the ground surfaces varies nearly twenty fold as the thickness 
of the ehd film is increased and the action approaches that of a 
ball on a smooth cylinder. 


Epitor’s NOTE: 


Authors are furnished a copy of each discussion and invited to 
submit a closure. Since no closure was submitted for the above 
article, it may be assumed that the author either concurred with 
the discussors or did not feel that a reply was necessary. 








ASLE TRANSACTIONS 6, 60-66 (1963) 





Solid Film Deposition and Non-Sacrificial Boundary 
Lubrication 


By I-MING FENG (ASLE),! WARREN L. PERILSTEIN,?” 
and MARTIN R. ADAMS?* 


This paper reports the results of studying various approaches in non-sacrificial boundary lubrica- 
tion in which the deposition of a beneficial surface layer is the result of a chemical reaction involving 
one or more components in the lubricating fluid but not the metal surface itself. This is in contrast 
to the conventional approach which involves the rubbing surfaces as reactants with the components 
in the lubricant and usually promotes wear as the result of chemical change of the surfaces. The 
most interesting findings show that a reaction between a molybdenum complex and a mixture of 
zinc dialkylphosphorodithioates produced in situ deposition of MoS, and some other unidentified 
crystalline material. Effective reductions in friction and wear were obtained. Electron diffraction 
patterns of the worn metal surface established the presence of MoSp. 


Introduction 


Soxip lubricant films can be deposited in situ on wear 
surfaces without involving the wear surface as a re- 
actant. This can be accomplished by inducing a chemical 
or physical change of one component in the lubricating 
fluid or initiating a chemical reaction involving several 
components in the lubricating fluid. The distinguishing 
feature of this mechanism, as compared to other well- 
known mechanisms of boundary lubrication that involve 
chemical interaction between a solid surface and its en- 
vironment, is the possibility of formation and subsequent 
replenishing of a protective layer without sacrificial loss 
of metal from the rubbing surface by chemical attack. 

At least four types of chemical processes are con- 
ceivable for the friction-activated in situ deposition of 
solid films without involving the metal surface itself as 
a reactant. Some of them had been discussed in a pre- 
vious publication (1). The four types of chemical reac- 
tions are: 


(1) Addition or condensation polymerization to form 
large molecules on the metal surface; 

(2) Chemical combination of two or more molecules 
to form a solid surface layer; 


(3) Decomposition of a molecule to form two or more 
products, any or all of which might be deposited 
as a lubricating film; 

(4) Isomerization of the molecular structure at an 
interface to deposit on the surface a new species 
with the same chemical composition but different 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in Pittsburgh, Penn- 
sylvania, October 16-18, 1962. 

1 Ethyl Corporation, Detroit, Michigan. Present address: CBS 
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structure (e.g., change of diamond into graphite) 
with more desirable lubricating and antiwear 
properties. 


Strictly speaking, the idea of in situ deposition of solid 
lubricating films is not new. Simard e¢ al. (2) discussed 
the film-forming action of lead naphthenate and free sul- 
fur in 1941. More recently, Hugel has done more work in 
utilizing this idea and reference (3) gives a general dis- 
cussion of his work. Their approaches correspond to the 
second and third types of chemical reactions mentioned 
above. The possibility of utilizing in situ polymerization 
or in situ isomerization has not been explored fully. This 
paper reports the results of a study with emphasis on 
the first two approaches. Another purpose of this study 
is to establish more rigorously that solid lubrication layers 
are formed in situ by the sliding process. 


Experimental 


The formation of potential lubricating films by con- 
densation type copolymerizations and addition type po- 
lymerizations was investigated as follows: The selected re- 
actions were carried out first in glass flasks. The polym- 
erizations were studied by heating and refluxing equi- 
molar mixtures of the reactants in nitrogen. In some 
instances, these mixtures were dissolved in suitable sol- 
vents. The temperature and nature of the product were 
observed. The addition reactions were studied by heating 
25g of the metal dialkylphosphorodithioates under 
nitrogen in a flask equipped with a magnetic stirrer. The 
temperature at which H2S was liberated and the tem- 
perature at which a change in physical description of the 
final product occurred were recorded. 

The wear-reduction qualities of the lubricating systems 
were evaluated in a four-ball tester with 1/2 inch diam- 
eter SAE 52100 steel balls. The reaction temperatures as 
determined in the glassware experiments were used in 
designing the test conditions because both the load and 
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the ambient temperature affect the local high tempera- 
ture during the sliding contact. The test balls were con- 
tained in a heated cup filled with the lubricating fluids 
and the temperature was controlled to +2 C. The torque 
on the lower ball holder gave a measure of the frictional 
resistance at the sliding contact. After a predetermined 
interval, the balls were removed and the sizes of the 
wear scars on the three lower balls were measured and 
averaged. A set of four new specimens was used for each 
test. Most of the four-ball tests were made in this manner 
at 0.5, 5, 30, 120, and 200 minutes. The four-ball wear 
data are plotted in the form of log d versus log ¢. This 
provides a convenient way of comparing the wear per- 
formances as discussed in detail in reference (4). 


In situ solid lubricant formation via 
condensation polymerization 


A number of condensation reactions were examined. 
They involve the intermolecular interaction of similar or 
dissimilar molecules with the elimination of a simple 
molecule, usually water. Three condensation polymeriza- 
tions were attempted: 


(1) Dibutyl tin oxide + diol; 
(2) Dibutyl tin sulfide + diol; 
(3) Borate ester + diol. 


The first two reactions were examined only cursorily 
by heating 1:1 molar mixtures of dibutyl tin oxide with 
2-butene-1,4-diol and dibutyl tin sulfide with 2-butene- 
1,4-diol in glassware under a nitrogen atmosphere. 

The reactions expected were [3, 4]. 


CH 
n $n0 + nHO—CH,~CH=CH—CH,—HO 
C,H, 
a Cai 
——*} Sn—0—CH,—CH=CH—CH,—O—| + H,0 
C,H, 


[1] 


n 


Fale 
n us + nHO—CH,—CH=CH—CH,—OH 
C,H, 
a | Sete 
a lie Melis Bad + nH,S 
C,H, n 


[2] 


Metaboric acid and its esters exist in a cyclic trimeric 
form shown (I). 


(I) 


Thus, the condensation with a diol can be visualized as 
taking either of two routes. The first preserves the cyclic 
trimeric borate structure [3]. 
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R ' 
é : 
AY BY. 
n 97 “0 + nHO—R'—0H ———+ | 0°" ~o + 2nROH [3] 
B__B B__B 
RO” ~O~ ~oR ‘o~ “o—r’—0- 


Cross-linking can also occur through the remaining borate 
ester alkoxy groups. 

The second route, which involves rupture of the cyclic 
trimer, could go as shown [4]. 


; 
re) 


| 
3 [ ROBO] 3 + "HO—R'-OH ———+ |-O—B—O-R*—-| + nH,O [4] 


In this case, also, further condensation through the alkoxy 
groups could lead to cross-linking. 

The orthoborate ester-diol condensations are repre- 
sented by scheme [5]. 


| 


° OR 
| i 
nRO—B—OR + nHO—R’—OH ———> [oF] + 2n ROH [5] 
n 


The results of all the condensation type polymerizations 
studied are summarized in Table 1. Two of these eight 
reactions were chosen for evaluation in the four-ball 
machine. In the glass equipment, the reaction of isopropyl 
metaborate with 2-butene-1,4 diol was slow and the 
product was a viscous fluid. In the four-ball machine, this 
system produced no significant decrease in wear (Fig. 1). 
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Fic. 1. Effect of isopropyl metaborate and 2-butene-1,4-diol 
condensation on four-ball wear performance. 


On the other hand, the condensation of phenyl metaborate 
and 4,4’-methylenebis-(2,6-di-tert-butylphenol) in glass- 
ware was moderately rapid and yielded a solid material. 
Supposedly, this reaction proceeded according to the 
mechanisms indicated in Eqs. [3] and [4]. The phenyl 
metaborate plus 4,4’-methyllene bis-(2,6-di-tert-butyl- 
phenol) system effectively reduced friction and wear 
(Fig. 2). Each additive alone, however, was ineffective. 
The actual characterization of the material on the wear 
scar was not made. 

Each additive alone yielded a four-ball performance 
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Results of Cursory Studies of Condensation Polymerization 


TABLE 1 

















Reaction 
Reactants conditions Physical description of products Four-ball evaluation 
Dibutyl tin oxide- Refluxed at Yellow, jelly-like product Not tested 
2-butene-1,4-diol 139 C, 1 hr 
Dibutyl tin sulfide- Refluxed at Dibutyl tin sulfide decomposed Not tested 
2-butene-1,4-diol 200 C, 6 hr 
Tri-n-amyl orthoborate- Heated to Slight viscosity increase Not tested 
Triethylene glycol 206 C, 6 hr 
Di-n-butyl-2,6-di-tert- Heated to Moderate viscosity increase Not tested 
butylphenyl orthoborate- 180 C, 7 hr 
2-butene-1,4-diol 
Phenyl metaborate- Heated to Yellow viscous fluid Not tested 
2-butene-1,4-diol 176C, 1 hr 
Isopropyl metaborate- Refluxed at No reaction Not tested 
diphenylsilane diol 140 C, 6 hr 
Isopropyl metaborate— Heated to Slow reaction started at 110C; No improvement in 
2-butene-1,4-diol 250C, 8 hr viscous fluid end product four-ball performance 
Pheny]l-metaborate-4,4’- Refluxed at Pink solid Definite improvement in 
methylenebis- (2,6-di- 140 C, 3 hr four-ball performance 
tert-butylphenol 
T T T T T *< 





3 ,Piain mineral oil +1. 5 wt% 4, 4' - Methylenebis 
/ 2,6-di-tert-butylphenol ) 
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Fic. 2. Effect of phenyl metaborate and 4,4’-methylenebis- (2,6- 
di-tert-butylphenol) condensation on four-ball wear performance. 


curve which is practically identical to that of the base 
fluid. In these experiments, the effectiveness of the polym- 
erization system is compared with the ineffectiveness of 
the individual component. Therefore, the comparison is 
independent of the base fluid used in the tests. This 
approach was made necessary because the choice of the 
base fluid was dictated by the solubility of the experi- 
mental compounds. Were it not for the solubility prob- 
lem, a common base fluid would have been used in all 
tests. 


Polymerization of metal dialkyl phosphorodithioates 


The pyrolysis of dialkyl phosphorodithioate salts of 
divalent metals leads to a polymer product. Feng (5) 
studied the pyrolytic characteristics of metal dialkyl 
phosphorodithioates. From the ratio of metal, phosphorus, 
and sulfur in the end product, and also the ratio of H2S 


and olefins in the gas liberated as determined by mass 
spectrometer, he postulated the following mechanism for 
the addition polymerization of metal dialkyl phosphoro- 
dithioates: First, an olefin is liberated leaving a thiono- 
phosphoric acid in equilibrium with the thiolo acid [6]. 


s s s S OH 
(RO), P—S—zn—S—P(OR), — (RO),P—S—Zn—S—P/ + Olefin 
4\ OR 
\| [6] 
s \) Q SH 


(RO),P—S —Zn—S- Pe 
‘OR 
R represents an alkyl group. 

In the second step |7], two molecules of the thiolo 
acid split out a molecule of H.S to form a thionoan- 


hydride. 


O SH 
ll Ws 
2 (RO);— P—S—Zn—S— Pr 
OR 
ro) fo) s [7] 
il il tI tI 
— (RO),P— S—Zn—S—P—S—P—S—Zn—S—P—(OR), + HS 
OR OR 


This process can continue to form a polymer having the 
structure shown (II). 


II rf 
I 
ih Geet a 
OR OR 


n 
(II) 


In the present paper, the results of further work along 
this line are reported. Nine different dialkyl phosphoro- 
dithioates of divalent metals were studied. The pyrolysis 
of bismuth salts also was examined to test the possibility 
of forming a cross-linked polymer with lubricating prop- 
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TABLE 2 
Pyrolysis Results for Metal Dialkyl Phosphorodithioates 








H,S¢ Polymerization 
liberated temperature? Final product 
Metal dialkyl phosphorodithioates C"<) ("&) (at polymerization temperature) 
‘a (I) Zinc bis(4-methylcyclohexyl) 90 141 Yellow solid 
(II) Zinc di-n-butyl 42 219 Light yellow solid 
(III) Zine di-sec-butyl 163 169 Rust colored solid 
(IV) Zine di-n-hexyl 45 217 Amber colored solid 
(V) Zinc di-n-octyl 132 213 Amber colored solid 
(VI) Zinc bis(2-ethylhexyl) 82 Thickened quickly and foamed 
excessively at 212 C 
(VII) Cadmium di-n-octyl 78 200 Yellow transparent solid 
(VIII) Cadmium bis(2-ethylhexy]) 80 Thickened quickly and foamed 
excessively at 176C 
(IX) Barium di-n-octyl 141 215 Light yellow transparent solid 
(X) Bismuth di-n-octyl 123 Decomposition Mixture of thick yellow liquid 


and black solid 





@ Temperature at which H.S begins to come off. 


> Temperature is that at which an obvious physical change into a solid or very viscous fluid occurred. 


erties superior to those obtained in the linear polymers 
of the divalent metal derivatives. The first six entries in 
Table 2 indicate that the polymerization temperature 
varies with the degree of branching in the alkyl group 
but is affected only slightly by increasing the chain length. 
The results for the zinc, cadmium, and barium derivatives 
of the di-n-octyl phosphorodithioate indicate that polym- 
erization temperature is relatively insensitive to the 
particular divalent metal. This seems reasonable since 
the -P-S-metal-S-P- linkage remains intact during polym- 
erization. Furthermore, it appears that the evolution of 
HS depends on both the metal and the alkyl group 
configuration as well as chain length. Several of the 
pyrolysis products were analyzed and the results agreed 
with the calculated analyses based on the theoretical 
structure (IIT). 


q i 
is dial s- me 
OR OR 


(IIT) 


This is illustrated in Appendix I by a typical analysis. 

The bismuth salt (Compound X, Table 2) was pre- 
pared by reacting bismuth oxide with di-n-octyl phos- 
phorodithioic acid. An elemental analysis showed that 
the percentages of each element present agreed well with 
the expected values based on the theoretical structure. 
The product was pyrolyzed in glassware and HS was 
first detected at 123 C. As the temperature was increased, 
the evolution of H2S became more vigorous and an 
increasing amount of black solid appeared. Heating was 
stopped at 220C, the mixture was filtered, and an ele- 
mental analysis was made (Table 3). This indicates that 
the pyrolysis of the bismuth salt follows a different 
mechanism than the one postulated for the divalent metal 
salts. 


TABLE 3 
Analysis of Products from Bismuth Di-n-octyl 
Phosphorodithioate Pyrolysis 





Liquid phase Solid phase 











Atom Atom 

Element Wt. % ratio Wt. % ratio 

Bismuth 0 57.8 1.24 
Sulfur 4.7 1 7.21 1 

Phosphorus 15.4 3.4 13.8 1.98 





Four-ball wear tests were carried out under the follow- 
ing conditions: 


Temperature 125 C 

Load 40 kg 

Speed 1800 rpm 

Additive conc. 0.1 wt. % P as dialkyl metal phos- 
phorodithioate 

Ball material 52100 steel vs. 52100 steel 


The variation of the wear scar size with test duration 
is shown in Fig. 3. Five phosphorodithioates (compounds 
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Fic. 3. Four-ball wear results of seven dialkyl metal phos- 
phorodithioates. 
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II, IV, V, VII, and IX in Table 2) which have similar 
polymerization characteristics (polymerizing to form a 
solid at roughly the same temperature, in the neighbor- 
hood of 210C) yielded similar four-ball wear results. 
There is considerable overlapping of data points for these 
five samples. Samples VI and VIII (Table 2) which do 
not polymerize into a solid are inferior in four-ball wear 
performance—higher wear rate and larger equilibrium 
scar sizes. [For detailed discussion of the method of 
interpreting the four-ball wear results, please refer to 
reference (2).] 


In situ solid film formation via chemical combination 


Two binary additive systems were investigated in an 
attempt to deposit films of molybdenum and tungsten 
disulfide. The idea of forming molybdenum disulfide in 
situ is intriguing and potentially useful. The deposition of 
a tungsten disulfide film was attempted because of simi- 
larities between reactions involving molybdenum and 
tungsten. 


The additive system selected for MoS. deposition was 
a molybdenum complex and a mixture of zinc dialkyl 
phosphorodithioates. The complex is prepared according 
to Hoff et al. by reacting molybdic anhydride with dialkyl 
phosphonate and hydrogen peroxide (4). The product 
is a deep blue, oil-soluble liquid containing 2.0% by 
weight molybdenum. Zinc dialkyl phosphorodithioates was 
used as the sulfur doner. Other sulfur doners can also 
conceivably be used. 

Figure 4 shows the wear scar size versus test duration 
curves for various experimental blends. The test condi- 
tions were as indicated on the figure. When the lubricant 
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Fic. 4. Effect of oxygen on the four-ball wear performance of 


a lubricating fluid containing dialkyl zinc phosphorodithioate and 
a molybdenum complex at 40 kg load. 


was not degassed and the test was done in air, the com- 
bination of molybdenum complex and zinc dialkyl phos- 
phorodithioate gave a low coefficient of friction of the 
order of 0.05 and a wear performance superior to that 
of a lubricant containing zinc dialkyl phosphorodithioate 
alone. However, when the lubricant was degassed in 
vacuum with argon and the test was done in an argon 
atmosphere, the wear performances were very poor in 
both cases. Figure 5 shows that the reduction of the 
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Fic. 5. Effect of oxygen on the four-ball wear performance of 
a lubricating fluid containing dialkyl zinc phosphorodithioate and 
a molybdenum complex at 20 kg load. 








Wear Scar (mm) 








load from 40 to 20 kg and the increase of test tempera- 
ture from 90 to 125 C resolved the difference and brought 
out the superior wear performance of the combination of 
molybdenum complex and zinc dialkyl phosphorodithioate. 
The electron diffraction patterns definitely indicated 
MoS, as a major constituent on the surface of the wear 
scars. Preferred orientation with the basal plane parallel 
to the wear surface was also noticed. 

After an unsuccessful attempt to prepare an oil-soluble 
tungsten complex similar to the molybdenum complex 
described above, tungsten hexachloride was reacted with 
B-naphthol in two stages to form first WClo (OC,oH7); 
and, finally, W(OC,oH;).. Both are black crystalline 
solids. 

Both tungsten compounds were tested in the four-ball 
machine alone and in combination with zinc dialkyl phos- 
phorodithioate. As expected, the tungsten compounds 
alone had no effect on wear performance. At both 90 and 
125 C, the combination of W(OC, 9H7)¢ with phosphoro- 
dithioate gave outstanding performance, essentially com- 
parable to that of the molybdenum complex—phosphoro- 
dithioate combination. It is also interesting that the 
friction coefficient at 90 and 125 C was of the order of 
0.05, again the same as for the molybdenum or tungsten 
disulfides. 

Although the superior performance of the tungsten 
compound-phosphorodithioate system indicates that a 
chemical reaction occurred, the identity of the product 
has not been established as yet. The diffraction patterns 
from balls run with the tungsten—phosphorodithioate sys- 
tem are not well defined and hence cannot be analyzed 
precisely. It appears that the films consist of large crystal- 
lites embedded in a polymeric material. The addition 
polymerization of zinc dialkyl phosphorodithioate could 
have contributed to the polymeric surface layer. 


Discussion 

The findings reported in this paper should be con- 
sidered as the results of a preliminary investigation of 
the idea of non-sacrificial in situ deposition of a surface 
layer for effective boundary lubrication. Throughout this 
investigation, many aspects were left untried because of 
lack of time. Hopefully these points will be thoroughly 
studied in the future. 
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TABLE 4 
Correlation between the Glassware Results and Lubrication Effectiveness 




















End 
Additive components Anticipated reaction product Effectiveness 
(1) Isopropyl metaborate Condensation to form: Very slow Viscous fluid No wear 
+ 2-butene-1,4-diol reaction reduction 
at 110 C effect 
P. r 
o . | 
oo o-B-O-C =—¢ 
| l + HO—C—C=C—C-—OH 
P—o~ 0p ! : 
r r 
(2) Phenyl metaborate + 4,4’-methylenebis- Condensation to form: Slow reaction Pink solid Definite 
(2,6-di-t-butylphenol) at 140 C improvement 
] in four-ball 
Ph Ph 
performance 
° Bu Bu ° i. - 
i \ ( B jeu 
, — = ee © = 
! I 7 \ i \ 4 — _B—O—- -—C—{ ° 
m-07 0” o- m a ag Ko \: J re 
Bu Bu 
Bu Bu 
n 
(3) Zn dialkyl phosphorodithioate Polymerization to form: Very rapid Golden Very effective 
RO. § g oR o ° reaction at yellow 
‘P-s- Zn—S—P. —P—S—Zn—S—P—s— temp. above solid 
RO OR or or |, 176 C 
(4) Oil soluble molybdenum complex and Formation of MoS, Excellent Exceedingly 
Zn dialkyl phosphorodithioate solid effective 
lubricant 
MoS, 





The most critical thing to be pointed out here is the 
importance of designing the test conditions to suit the 
chemical reaction conditions. Similarly, under extremely 
severe conditions, both superior and inferior lubricating 
fluids will show poor anti-wear performance and hence 
cannot be differentiated. Thus, a neutral finding of no 
improvement in anti-wear performance should not al- 
ways be interpreted as a negative result. 

The correlation between the glassware results and 
lubrication effectiveness is summarized in Table 4. The 
reaction rate and the physical properties of the end 
product of the im situ reaction are important. For the 
in situ solid formation to serve as an effective means of 
boundary lubrication, the reaction rate must be fast. The 
lubricating properties of the end product directly in- 
fluence the lubrication effectiveness. It is desirable to 
have solid lubricants as the end product and undesirable 
to have a liquid end product. 

The experimental results of investigation of the molyb- 
denum complex—phosphorodithioate system indicate con- 
clusively that sliding surfaces can be lubricated by in situ 
solid film formation mechanism, and the metal surface is 
not necessarily a reactant. 


Appendix 1 


Chemical Analysis of Solid Pyrolysis Product from Barium 
Di-n-Octyl Phosphorodithioate 
The proposed structure of the polymer is well supported by the 


excellent agreement of the analysis of the product of barium di-n- 
octyl phosphorodithioate with the values calculated for: 

















i 
-P—S—Ba—S—P—s— 
| 
Analysis in weight % 
Found Calculated 
Barium 24.8 23.4 
Oxygen 10.6 10.9 
Phosphorus 9.9 10.6 
Carbon 31.3 32.8 
Hydrogen 6.2 5.9 
Sulfur 17.2 16.4 
Weight Loss 32.5 30.6 
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Lubricant Evaluation for Bearing Systems Operating in 
Spatial Environments 


By P. LEWIS,' S. F. MURRAY (ASLE),? M. B. PETERSON (ASLE) ,’ 
and H. ESTEN?# 


This paper presents a general summary of the results of several programs which were directed 
toward the selection of lubricants for rolling contact bearings operating in a spatial environment. 

The test procedures and results of evaporation tests on various lubricants and greases are de- 
scribed. In some of these tests, the effect of combined exposure to vacuum and radiation was 
determined. The problem of accelerating the tests in order to simulate long time exposure to spatial 
conditions was approached by using higher test temperatures to hasten evaporation. 

Several soft metal films and one plastic coating were evaluated as solid lubricants in instrument 
size bearings running at 3000 rpm. The results are summarized. 


Introduction 


THE demand for vehicles and components for space use 
has multiplied greatly in the last few years. With this 
emphasis has come the realization that the effects of 
the environment on the components are virtually un- 
known. In fact, a complete specification for the environ- 
ment has not as yet been defined. 

The initial attempts to select bearing systems for such 
an application showed that available design information 
could not be utilized with any degree of confidence. Other 
published work (7, 2) performed concurrently to that 
presented here has added to a better understanding. 
However, at the time, the scanty available data made it 
desirable to consider in detail the effects produced by 
the environment, and the investigations required to de- 
velop usable bearing systems. 

Three effects were considered to be of dominant im- 
portance: (a) The extremely low ambient pressure of 
space which would result in high evaporation, violent 
outgassing, and foaming of lubricants, and/or dissocia- 
tion of organic materials; (b) the lack of a gaseous or 
vapor atmosphere which would affect the lubrication 
process and the mode of heat transfer; (c) the radiation 
which would cause lubricant deterioration, or in con- 
junction with vacuum, might result in even higher 
evaporative losses. 

It was recognized that a number of evaporation studies 
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had been carried out by several investigators. Some of 
these did not meet the conditions required for simula- 
tion. Others while meeting the requirements for simula- 
tion used static samples. The authors felt that the static 
sampling had two important inadequacies: (a) Thermal 
gradients can exist in the fluid both from the method 
of heat application, if used, and by virtue of the surface 
cooling due to evaporation; (b) a static sampling may 
have a light fraction depleted surface layer which would 
blanket the bulk of the fluid. This would give a false 
evaporation rate. 

The general approach was to first define the limita- 
tions and extend the capability of currently available 
systems which have years of established background, 
while also investigating new systems which would be 
brought along in parallel. 

Accordingly, the first evaluations were made to deter- 
mine the evaporation behavior of various oils and greases. 
Later evaluations considered exposure to vacuum and 
radiation, and bearing performance. In a second study 
solid film lubricated ball bearing performance was con- 
sidered. 


Description of test equipment 


The test apparatus was designed to incorporate the 
various factors which enhance the degree of simulation. 
These included: (a) Pressures of 10-*mm Hg or less; 
(b) a condensing surface which views the evaporating 
sample; (c) a means for agitation to prevent stratifica- 
tion and thermal gradients. 

The basic configuration was a chamber which con- 
tained six fluid samples. Each sample was in an 80-mm 
diameter glass evaporating dish. A sealed glass tube 
with a thermocouple was inserted into each dish to 
measure bulk fluid temperature. Three heater blocks 
were used to supply heat and control the temperature 
of the samples. Each fluid sample contained a magnetic 
stirrer which was rotated by individual motor driven 
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CONTROLS FOR 
MAGNETIC 


Fic. 1. Overall view of vacuum equipment 


magnets located under the test table. Copper condensing 
plates were located above the fluid surface. Liquid 
nitrogen was used to cool the condensing plates. The 
close proximity of the condensing surface and high pump- 
ing speed would make cross contamination negligible 
unless a change of several decades in chamber pressure 
occurred. A 4-inch oil diffusion pump held the vacuum 
in the 10-5 mm range. An ion gage was used to monitor 
chamber pressure. The exposed liquid surface in the 
test dishes was 50 sq. cm. 

No attempt was made to analyze completely the be- 
havior of every one of the test fluids. Only those oils 
which appeared to be promising on the basis of our 
initial tests were more completely defined. 


In each case, a weighed sample of the test oil was 
heated in a vacuum for a period of about 14 hr. At the 
end of this time, the chamber was opened and the test 
sample was reweighed. This established an initial evapo- 
ration rate which was generally quite high when com- 
pared to subsequent tests on the same fluid. Unless the 
loss was completely unreasonable, the same sample was 
put back in the chamber and a test of at least 48 hr 
duration was run. Time did not permit further tests on 
every fluid, but those oils which still appeared to be 
promising were then subjected to another 2 to 3 day ex- 
posure to vacuum and heat. It might be mentioned that 
the fluid test data showed the fluid evaporation rate 
varied between 5:1 and 20:1 for a 10% increase in the 
absolute temperature. 


Figure 1 is an overall view of the equipment showing 
the chamber, controls for the magnetic stirrers, and tem- 
perature recorder. Figure 2 is a top view looking into 
the chamber showing the fluid samples, thermocouples, 





Fic. 2. Top view of chamber showing samples 


heater plates, and magnetic stirrers. (The heating tape 
was later discarded in favor of heater blocks with 
cartridge heaters.) Figure 3 is a view of the top plate 
showing the liquid nitrogen reservoirs and the copper 
chill plates. 

Other auxiliary test equipment was used as the evalua- 
tion was extended. These are described in the results 
section on the evaluations for which they were used. 
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LIQUID NITROGEN 
RESERVOIRS 





Fic. 3. Top plate of chamber with liquid nitrogen reservoirs 


Fluid lubricants: liquids and greases 

The lubricants chosen for preliminary screening were 
of two kinds, fluids and solids. Because of fundamental 
differences between these, both in their properties and 
in their performance characteristics, they are considered 
separately; the fluids here, and the solids in another por- 
tion of this paper. 

The fluid lubricants under consideration were of two 
types, liquids and greases. These are considered sep- 
arately, again because of basic differences in their prop- 
erties and performance characteristics. 


Liguip LUBRICANTS 


The liquid lubricants selected for preliminary screening 
fall into seven classes: 


Petroleum Oils 

Synthetic Hydrocarbons and Derivatives 
Esters 

Silicones 

Polyalkylene Glycols 

Silicate Esters 

Silanes 


OMA OO & > 


The individual lubricants from each of these classes 
were selected so as to permit an evaluation of the effect 
of differences in properties (e.g., molecular weight, vis- 
cosity, molecular configuration) within the class on per- 
formance. At the same time the different classes could 
be compared and their performance assessed in the light 
of their general and specific properties. Table 1 gives 
some of the characteristics of the fluid families con- 
sidered. 


Fluid Tests 

One of the biggest problems which arises in any bench 
test evaluation is the necessity for simulating long term 
usage in a short period of time. In this particular case, 
the attempt was made to predict at least one year of 


TABLE 1 
Description of Test Fluids 








Viscosity 
CS at 
Lubricant 100 F Chemical type 

P-2 193 Paraffinic petroleum 

P-5 374 Petroleum bright stock 

P-6 235 Petroleum bright stock 

P-7 — Aromatic petroleum 

D-1 41.3 Modified diester 

S-1 (50) 39.6 Dimethylpolysiloxane (straight 
chain) 

S-2 (50) 39.2 Dimethylpolysiloxane (branched 
chain) 

SM-2 60.2 Phenylmethylpolysiloxane 
(medium pheny] content) 

SM-4 39.2 Chlorophenyl-methy]-polysiloxane 

G-1 37 Polyalkylene glycol 

G-2 85.6 Polyalkylene glycol 

G-3 138 Polyalkylene glycol 





effective operation for a fluid by conducting a test in 
less than a one-week time interval. Fortunately, there is 
a rough rule of thumb which states that the evaporation 
rate will increase tenfold for every 10% rise in absolute 
temperature. Using this as a guide, it should be possible 
to conduct tests at elevated temperatures and extrap- 
olate these data back to predict the fluid life at room 
temperature. Therefore, one of the goals in this in- 
vestigation was to establish the fact that there is a 
definite relationship between fluid loss and test tem- 
perature which would permit reasonable extrapolation of 
the results to other temperature levels. 

In addition, the effect of prior distillation on the 
evaporation rate also had to be determined. Since many 
of the test fluids contained molecules having a wide 
range of structures and molecular weights, it was reason- 
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able to expect that the evaporation rate would decrease 
to a very low level as the fluid was depleted of low boil- 
ing constituents. From the standpoint of evaporation rate, 
the loss of volatile fractions and subsequent decrease in 
fluid evaporation was a desirable occurrence. However, it 
was also necessary to consider the fact that the loss of 
these light fractions might cause changes in the physical 
properties of the oil, especially in the viscosity and pour 
point, which might result in a highly viscous residue 
being formed in the bearings. The results of the fluid 
evaporation tests for the more promising candidates are 
shown in Fig. 4. 


10,000 


3 


DIESTER D-! 


: 


GLYCOL 
2,6-3 PETROLEUM 








CUMULATIVE WEIGHT LOSS -MGM 


SILICONE 


8 


140 


TIME- HOURS 
Fic. 4. Oil evaporation data; 10-5 mm Hg, 140-160 F 


Within any given chemical family, the evaporative be- 
havior of the fluids ranked in accordance with the order 
predicted by structural considerations. For example, a 
straight-chain molecular configuration would permit 
closer packing and greater attractive forces between 
molecules than a species having the same molecular 
weight which had side chains or bulky constituents to 
provide steric hindrance to close packing. The higher 
evaporation rates encountered with the methylphenyl 
silicones as compared with dimethyl silicones of ap- 
proximately the same molecular weight bear out this 
conclusion. Similar considerations apply to the paraffinic 
and aromatic petroleum oils. 


Evaporative Effects on Fluid Viscosity 

Evaporation-time characteristics of the liquid lubri- 
cants, as determined in the first phase of this program, 
indicated that after a relatively high initial loss, the 
evaporation rate decreased to a comparatively low value. 
A question which remained to be answered was whether 
this initial loss, probably the loss of light fractions, 
would result in a large increase in viscosity. Such an 
increase in viscosity would result in higher bearing 
torque. This factor would be important in equipment for 
spatial applications where power available will be at a 
premium. 

Some of the fluids evaluated in the first phase of the 
program showed obvious thickening. One of the fluids, an 


aromatic petroleum oil (P-7), increased in viscosity by 
approximately 100% by the time a reduced rate of 
evaporation loss had been reached. The only fluids 
chosen for further investigation were those which had 
reasonable rates of evaporation. Further, most of those 
selected were relatively homogeneous in composition and 
would thus have less of a tendency to be affected 
viscosity-wise by the loss of volatile constituents than 
would fluids of a more heterogeneous character. 

In order to check the effect of evaporation on viscosity, 
several promising fluids were subjected to full evaporat- 
ing conditions until the loss rate decreased to a low 
value. The fluids evaluated included esters, polyalkylene 
glycols, and silicones. The viscosity was measured and 
compared with the original value prior to exposure to 
vacuum. Very little change was noted for the fluids 
evaluated. The maximum viscosity change was in the 
order of 442%. 

In mapping the investigative program it was decided 
to use static evaluations to determine if any drastic 
physical property changes would occur within the range 
of radiation dosages expected in the application. Ac- 
cordingly ten samples of the liquid lubricants which 
were promising from the standpoint of evaporation were 
subjected to combined gamma radiation and vacuum. 
The vacuum was in the order of 10-*mm Hg. Three 
levels of radiation were used, 10*, 10°, and 10° rads. A 
control group was irradiated to the same levels in air. 
The fluid viscosity was monitored before and after the 
irradiation. No significant changes were noted for any 
of the fluids. Very little difference was noted between 
the irradiated samples exposed in air and in vacuo. It 
was expected that greater differences would appear be- 
tween air and vacuum exposure. This can be explained 
in part by the lack of complete evaporating conditions. 
The static tests did serve to illustrate that to radiation 
levels of 10° rads, the oxidative effects associated with 
irradiation in air were negligible, and that no changes in 
physical properties were evident which would eliminate 
any of the candidates. 


GREASES 


Since grease consists essentially of a liquid lubricant 
thickened to a suitable consistency with a solid thickener, 
it is obvious that its basic characteristics will be deter- 
mined by the basic properties of both the oil and the 
thickener. Thus, a grease based on-an oil with poor 
radiation resistance can also be expected to show poor 
radiation resistance. However, a grease based on an 
oil with good radiation resistance will not necessarily 
possess good radiation resistance unless the thickener 
which it contains is also resistant. Hence, in selecting 
greases for the proposed application, equal consideration 
must be given to the basic properties of both the oil 
and the thickener. 

The greases chosen for preliminary screening fall into 
five classes according to the oils on which they are 
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based. These classes, in some cases further subdivided 
into sub-classes based on the thickeners which are used, 
are: 
A. Petroleum 
1. Soap Thickened 
2. Nonsoap Thickened 


B. Synthetic Hydrocarbon 
C. Ester 

D. Silicone-Ester Blend 
E. Silicones 


1. Soap Thickened 
2. Nonsoap Thickened 


Based on knowledge of the properties and performance 
characteristics of various greases, a total of seventeen 
were selected for preliminary screening. Table 2 describes 
the more promising greases. 


TABLE 2 
Description of Test Greases 








Grease Base oil Thickener 
GP-1 Paraffinic petroleum Sodium soap 
GP-5 High aromatic petroleum Indanthrene 
dyestuff 
GE-1 Pentaerythritol ester Substituted 
aryl urea 


GSD-1 Silicone-diester blend 
GS-1 Phenylmethylpolysiloxane 
(low phenyl content) 


Lithium soap 
Lithium soap 


GS-2 Phenylmethylpolysiloxane Lithium soap 
(medium pheny] content) 

GS-3 Chlorophenylmethy]- Lithium soap 
polysiloxane 

GS-4 Phenylmethylpolysiloxane Aryl substituted 
(low phenyl content) urea 

GS-5 Phenylmethylpolysiloxane Aryl substituted 
(medium pheny] content) urea 

GS-6 Phenylmethylpolysiloxane Indanthrene 
(low phenyl content) dyestuff 

GS-7 Phenylmethylpolysiloxane Indanthrene 
(medium pheny] content) dyestuff 





Grease Tests—Low Speed 


It was hoped that the grease screening could be ac- 
complished in a similar manner as the liquid lubricants. 
Initial work on the greases proved that this was not 
feasible. In fact, static tests indicated that there was 
virtually no fluid loss from the greases. It was decided 
that the best method for the grease screening would be 
in a rotating ball bearing. Three fixtures were fabricated 
which contained a size 37 ball bearing (7mm _ bore) 
mounted on a vertical shaft. A bell shaped housing was 
supported on the outer race of the bearing. Rotation of 
the bell housing was accomplished by mounting perma- 
nent magnets to the bell and driving with the magnetic 
stirring motors. One side of the bearing was exposed to 
the condensing plate. A sketch of this fixture is shown 
in Fig. 5. 
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Fic. 5. Schematic of low speed grease test fixture 


The bearing was packed approximately 20% full of 
grease and weighed before and after exposure to vacuum. 
The bearing was lightly thrust loaded by the weight of 
the bell housing, approximately 400 gm. The rotational 
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Fic. 6. Results of low speed grease tests: Size 37 bearing, 
148-155 F, 60 rpm, 10-5 mm Hg. 
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speed was 50-60 rpm. The temperature of operation was 
140 to 150 F. A check of the loss-temperature charac- 
teristics was made using a petroleum oil based grease. 
This showed a 5:1 change in loss for a 10% change in 
the absolute temperature. 


The criterion for failure using grease is somewhat dif- 
ferent from that using oils. Past experience has shown 
that the loss of 40 to 60% of the oil from a grease 
renders it unsatisfactory for ball bearing lubrication. The 
screening tests compare the various greases on the basis 
of a percentage weight loss. It should be noted that 
the percentage is only valid for a given surface area and 
lubricant volume. This weight loss is considered to be 
mainly attributable to oil loss from the grease. Figure 6 
shows the results on some of the more promising candi- 
dates. 


The greases evaluated in the first phase of the pro- 
gram were tested in a slowly rotating size 37 ball bear- 
ing. These preliminary data did not appear to exhibit 
the same initial loss characteristics and reduction in 
evaporation rate with time that were found with the 
liquids (oils). The evaporation-time curves for some of 
the greases, furthermore, had slopes much steeper than 
would be expected. For some of the fluids, approximately 
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Fic. 7. Results of low speed grease tests: Size 37 bearing, 
148-155 F, 60 rpm, 10-5 mm Hg. 
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80 hr at 150F and full evaporating conditions were 
required to reach a low evaporative rate. Since the oils 
screened in the first phase were similar to the base oils 
for the greases, it would be expected that the greases 
would have behaved similarly. 


In order to determine if a leveling in the evaporation 
rate of the greases would result from longer exposure, 
several tests of long duration were made. The results in- 
dicated that the slope of the loss-time curve remained 
essentially constant and comparable to that previously 
determined. With some of the silicone based greases this 
result would be expected. However, the petroleum based 
greases would be expected to behave differently. Projec- 
tion of the curves back to zero time generally indicated 
some loss at zero time. As this is physically impossible, 
it can be deduced that some high initial loss did take 
place in a relatively short time during the early portions 
of the run. It is quite probable that the interaction be- 
tween oil and filler or thickener affects the time required 
to reach some equilibrium evaporation rate. Figure 7 
shows the results of these tests. 

As indicated in this figure, one petroleum grease 
(GP-5) and the silicone oil based greases showed the 
most promise. The performance of the grease based on 
a silicone-diester blend (GSD-1) can be ranked only as 
fair. It should be noted that this ranking is made on 
slowly rotating equipment. In the discussion to follow, 
higher speeds are considered. 





Fic. 8. Schematic of a single station of bearing tester 
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Fic. 9. Four station bearing tester 


Grease Tests—Higher Speed 


The bulk of the evaluations at higher speeds were 
performed in the 4-station tester described below. In- 
strument ball bearings (R-4 size) were used throughout. 
The evaluations were performed at 1800 rpm, axial load 
of 200 gm, and temperatures of 250 F and 150F. In 
order to compare the results with those obtained with the 
size 37 bearings, it would be necessary to compensate for 
the different exposed area and lubricant volume. 

The bearing evaluations were conducted in an ap- 
paratus which had four individual bearing stations. Each 
station consisted of a vertical shaft supported by two 
bearings in a stationary housing. The bottom of the 
shaft projected beyond the housing. On this overhung 


end of the shaft was mounted the test bearing. The test 
bearing was supported in a floating housing whose weight 
supplied an axial load to the bearing. Torque was 
measured by restraining the housing by means of a 
leaf on which strain gages were mounted. The shaft was 
driven remotely through the top of the chamber by 
means of permanent magnets mounted on the end of 
the test shaft and on the motor shaft outside the cham- 
ber. Individual D.C. motors were used to drive the 
units. A liquid-nitrogen cooled condensing surface sep- 
arated the test bearing from the support housing to 
minimize contamination and to collect the distillate from 
the test bearing. A gear mounted on the test shaft was 
monitored by a magnetic pickup to indicate speed. 
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A schematic diagram of a single station is shown in 
Fig. 8. A photograph of the apparatus is shown in 
Fig. 9. 

One of the objectives of the investigation on bearings 
was to find means to obtain short time data which 
could be extrapolated to be indicative of long time per- 
formance. One means for accomplishing this is to use 
elevated temperature to accelerate evaporation. The ap- 
proach was to use two temperature levels: 150 F and 
250 F. Figures 10a and 10b show the results for a 
silicone-diester based grease. There was no sign of a 
leveling off of the loss rate. This was not the case with 
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Fic. 10a. Evaporation results for GSD-1 grease: R-4 bearing, 
200-gm axial load, 1800 rpm, 10-5 mm Hg. 
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Fic. 10b. Evaporation results for GSD-1 grease: R-4 bearing, 
200-gm axial load, 1800 rpm, 10-5 mm Hg. 


some of the greases which rapidly lost light ends to reach 
some low equilibrium rate. A comparison can also be 
made by considering the performance at 250 F. This is 
shown in Fig. 11. 

Six greases were also subjected to static irradiation in 
vacuo. In the case of the greases, micropenetration values 
were used to compare the results before and after ex- 
posure. All the greases evaluated showed some changes 
in penetration. These were relatively minor except for 
one of the dye thickened silicone greases, which showed 
comparatively large increases in penetration at all three 
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Fic. 11. Grease test results at 250 F and 1800 rpm: R-4 bear- 
ing, 200-gm axial load. 


radiation levels. Although the increases in penetration of 
this grease were of the order of 11 to 18%, the con- 
sistency of the changes at the three levels of radiation 
makes it doubtful that this change was entirely radiation 
induced. No explanation for this apparently anomalous 
behavior is presently available. Normally, greases which 
are subjected to increasing radiation doses initially ex- 
hibit higher penetration values, followed by a decrease 
in penetration to zero; that is the greases undergo a 
softening followed by a hardening to a rubbery or solid 
structure. 

The information on radiation effects on lubricants did 
not provide grounds for concern over the combined ef- 
fects of vacuum and radiation to levels of 10° rads. How- 
ever, the question of possible changes which might oc- 
cur in an operating bearing remained to be answered. 
Two of the greases which had been irradiated previously 
to 10° rads were run for 24 hr periods in open bearings 
under full evaporating conditions. The two greases were 
a silicone oil grease which had shown unexpected changes 
in penetration, and another silicone grease which had 
exhibited a low evaporative loss. The low evaporating 
grease gave contradictory results, having a higher than 
normal loss at 250 F and lower than normal at 150F. 
The grease which had the large changes in penetration 
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behaved as expected, but with a slightly lower initial 
loss than a comparable previous run. This may have been 
due to some loss which took place during the vacuum 
and radiation exposure of the grease prior to the bearing 
test. In any case, the 10° rad exposure did not appear to 
have brought about any drastic changes in performance. 
The results of these tests are summarized in Table 3. 


TABLE 3 
Evaporative Loss of Greases Previously Irradiated 
in vacuo to 108 rads® 








Test % 
Temp length Bearing Loss of 
(°F) (hr) type grease Grease 
250 24 Open 4.1 GS-6 
150 24 Open 2.6 GS-6 
250 24 Open 4.6 GS-3 
150 24 Open 1.2 GS-3 





@ Conditions: R-4 size bearing; 200-gm axial load; 1800 rpm, 
24-hr test. 


The above evaluation, although closer to the actual 
dynamic case than any of the static tests, did not simu- 
late operation of the bearing while the radiation dose 
was being accumulated. In order to accomplish this with 
minimum hazard to personnel and without the unwieldy 
shielding necessary with gamma sources, a pure beta 
emitter, tungsten 185, in the form of a washer, was in- 
serted into the bearing housing. The dose rate was cal- 
culated to be 8 & 10* rads per hour. A 48-hr test was 
made on an open bearing which in this period accumu- 
lated a total dosage of 3.84 10° rads. The two greases 
used were the same ones discussed above. The measured 
evaporation losses were in the same range as those ex- 
hibited by the unirradiated greases on exposure to 
vacuum. The small sample precludes complete definition; 
however, there were no indications of gross deterioration 
of bearing performance. 


Summary 


Considering both rate of loss and initial loss charac- 
teristics, the GS-3 and GS-1 would be the top choices for 
the proposed application. Figure 11 compares the per- 
formance of the six greases evaluated at 250 F. The 250 F 
data are used for comparison since the higher losses give 
more accurate weight loss data. The GS-7 would be 
ranked third because of a flatter slope than the GS-6. 
The GSD-1 and GP-5 gave similar characteristics; how- 
ever, the GP-5 had a flatter slope. It might be repeated 
that much of the loss from the GP-5 was due to grease 
being flung from the bearing rather than to evaporation 
of the base fluid. 

Some attention was given to the use of shields to 
reduce the evaporating area and thereby reduce the loss 
rate. These were only moderately successful. In some 
cases, there was no difference in loss rate with or without 
a shield. This was found to be due to migration or creep 
of the oil to the outside of the shield. The use of agents 
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to prevent “wetting” of the shield surfaces gave large 
improvement. 


Solid lubrication for spatial applications 
SELECTION 


One approach to vacuum lubrication is to use solid 
lubricants which have lower vapor pressures than oils 
or greases. By solid lubricant is meant a material which 
improves the sliding characteristic of a pair of mating 
surfaces by virtue of the fact that it shears more easily 
than either of the mating surfaces. This definition is given 
to differentiate between compounds such as MoS, or lead, 
and that of hard surface films such as the naturally oc- 
curring oxides or chromium plate. 

The criterion for selection of solid lubricants has not 
been firmly established. There has been considerable dis- 
cussion of layered lattice type structure and the effect of 
this structure on solid lubrication. This is clearly not a 
necessary condition since soft metals have been used as 
solid lubricants. However, it was not necessary in this 
program to consider the lubricating characteristics of 
untested compounds. Adequate information exists in the 
literature to select potential compounds (3-5) from a 
number of different classes. 

In this work most of the emphasis was placed on the 
use of soft metal films. These were known to be ef- 
fective, have low vapor pressure, and be resistant to 
radiation. 

In general, the philosophy behind the use of platings 
is similar to the reasoning applied to all solid lubricants, 
i.e., a thin, soft film covering a hard substrate will ex- 
hibit the high compressive yield strength of the base 
material and the low shear strength of the soft inter- 
mediate coating. A survey of various metals soft enough 
to be considered as solid lubricants has been made (6). 
Table 4 is a list of the most promising metal films. Of 


TABLE 4 
Properties of Metals for Lubricant Films 








Relative hardness Melting point 

Metal (Mho) (° F) 
Indium 1 311 
Thallium 1.2 567 
Lead 1.5 621 
Tin 1.8 450 
Cadmium 2 610 
Gold 2.5-3 1760 





these, gold and silver are the easiest to plate and to 
handle afterward without forming oxide films. Further, 
these are the only two metals which have been used 
in this type of application. For these reasons, initial ef- 
forts were concentrated on evaluating these two ma- 
terials. 

The use of silver plating as a means of protecting both 
sliding and rolling surfaces is a well established practice. 
Many types of ball bearing retainers are silver plated to 
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improve their performance. The use of a thin silver plate 
as a means of lubricating X-ray tube bearings has en- 
abled successful operation of these bearings for long 
periods of time at high temperature. Gold has also been 
used successfully as a plating on specialty ball bearings. 
However, ball bearing manufacturers maintain that the 
chief drawback in the use of metal platings is the 
tendency of the plate to spall away from the surface when 
excessive loads are applied. 

Studies on the effectiveness of silver plate as a lubri- 
cant for sliding surfaces have been made in this labora- 
tory (6). In Fig. 12 the effect of temperature on the 


COEFFICIENT OF FRICTION 
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Fic. 12. Solid lubricant effectiveness as a function of tem- 
perature. 


frictional properties of silver and gold plate is shown. 
These data indicate that silver is only effective at tem- 
peratures above 550 F. The reduction in friction above 
this temperature coincides with the temperature at which 
the shear strength of the silver also decreases sharply. 
Rolling studies have also been carried out using silver 
plated balls at 700 F in air (7). These tests showed that 
silver was not satisfactory at high temperatures in an 
oxidizing atmosphere. The plate was not able to prevent 
oxidation of the substrate metal and, as the oxide was 
formed, the silver was spalled away from the surface. In 
a vacuum, this situation no longer exists. 


EVALUATION 


Our first tests were made with silver plated bearings 
of the same type used in X-ray bearings. A test was set 
up and run in the same vacuum chamber in which the 
fluid evaporation tests were being carried on. After three 
days, the test was shut down and the bearing was ex- 
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amined. No weight loss could be measured and the bear- 
ing appeared to be in good shape except for a slight 
darkening of the balls and the ball track on the races. 
An unplated ball bearing of this same type was then set 
up and run for the same length of time. No measurable 
wear could be detected and the bearing was still in good 
condition. From these results, it was concluded that there 
was sufficient oil vapor present in the large vacuum 
chamber to lubricate even the unplated bearing and 
mask the effect of the silver plate. 

To get the bearing tests away from the fluids evalua- 
tion, an X-ray tube was cut open, fitted with ground 
glass joints and connected to a pumping system so that 
a continuous vacuum could be drawn on the tube and 
the rotor could be removed after each test. This tube, 
which is shown in Fig. 13, was used for the plated bear- 





Fic. 13. Modified rotating anode X-ray tube 


ing evaluations. Vacuum levels to 9 & 10-7 mm Hg have 
been obtained with this unit. The unique characteristic 
of the vacuum system used was that a liquid nitrogen 
cooled trap was placed between the diffusion pump and 
the test chamber. This minimized any migration of oil 
vapor into the test chamber. Such a provision is not 
standard on the majority of the commercially available 
systems. 

The first test was run on an unplated X-ray type 
bearing. Failure, as indicated by a gradual increase in 
power required to move the rotor, took place in about 
3 hr. At that time, the rotor would no longer turn even at 
the maximum permissible voltage. No weight loss in 
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omheng ws ey yey Fok ka se canes — . Solid Lubricants with Various Crystal Structures,” NACA TN 
Istinct track in the ball pat ut otherwise they ap- 3334 (December 1954). 
peared to be in good condition. It is suspected that the 4. Barwe tt, F. T., and Mine, A. A., “Lubrication with Minerals 
torque increase was the result of loose wear debris tend- in the Solid State,” Brit. J. Appl. Phys. Suppl. No. 1, 39-43 
ing to jam the bearing because there were some loose (1951). . 
particles in the housing after the test, but this may not 5. Bowe, J. end Rosanssen, B..P., “The Friction Properties of 
= agra neon , i “ Various Lubricants at High Pressures,” Trans. A.S.M.E. 67(1), 
n Fig. , the results of several tests on various films 51-59 (1945). 
are shown in bar graph form. Subsequent work om larger 6. Peterson, M. B., “Investigation of Solid Film Lubricants and 
bearings operating at low rotational speeds has indicated Sliding Contacts at Temperatures Above 1000F,” APEX Re- 
that these results cannot be used to predict performance port Number 569 (August 1960). 
: have under different conditions. In the low speed tests, the 7. Murray, S. F., and Lewis, P., “Evaluation of Rolling Con- 
eristic gold plate was equal to, or better than, many of the other tacts in the Range of 550 F to 1000 F,” APEX Report Number 
rogen films. 560 (February 7, 1958). 
p and 
of oil 
s not DISCUSSION 
ilable . 
R. A. Burton (Southwest Research Institute, San Antonio, Texas) : To illustrate the simulation problem further, let us say that we 
put a bearing in a vacuum chamber. Let us further assume that 
type The authors have supplied much needed data on long-term be- we have perfect trapping so that whatever matter emits from 
ase in havior of lubricated bearings in vacuum. They have extensively the bearing surfaces does not return. How do we measure the 
about discussed and contributed to the concepts involved in such test- vacuum? Should we put the vacuum gage some distance away 
yen at ing which involves the simulation of space. It is with regard to this from the sliding surfaces, or very close to them; how close? 


yss_ in 





latter subject that I would like to address a few remarks. 


What are we measuring? What really controls the lubrication 
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conditions at the sliding surfaces? How can we define the im- 
mediate environment at the sliding surfaces where it really counts? 
How do we interpret the results? Questions such as these that 
arise in vacuum chamber testing have led our group to adopt a 
more direct approach to space simulation. 


For bearings and other small systems similar to those reported, 
we have developed a concept which permits direct interpretation 
for such experiments. It has been termed the “window” concept 
of space simulation. Its starting point is the recognition that an 
actual component or a test specimen may be conceived of as 
surrounded by an immediate environment of solid boundaries 
having a “window” or orifice issuing into space. Any gaseous 
molecule entering the orifice is lost from the enclosure. On the 
other hand, a low-pressure internal environment in the enclosure 
is maintained by the balance between the outgassing of surfaces 
and the loss rate. For laboratory work, the window can be pro- 
vided by a small ion pump which serves to trap gases at a steady 
volume rate of flow, almost irrespective of pressure. For example, 
a pump rated at 1 liter/sec would correspond to a hole of 2-mm 
diameter, discharging into absolute space. Since in a 2-cm diameter 
chamber the diffusion flow from end to end is roughly 100 times 
this amount, the loss represents a very small fraction of the total 
flux, and a state of quasi-equilibrium may be said to exist. For 
experimental purposes, the behavior of a specimen in quasi-equi- 
librium is of direct interest in itself. But, more important, the 
leakage concept effectively simulates the actual connection between 
test components and the space environment. 


Questions may be raised as to how well a small ion pump 
simulates the relative loss rates of different components of the 
gaseous environment of the specimens. Table Al lists the manu- 
facturers’ specifications for pumping rates, in ratio to that for 
pure nitrogen. 








TaBLe Al 

Gas Pumping Rate 
Hydrogen 2.7 
Hydrocarbons 0.9-1.6 
Nitrogen 1 
Carbon dioxide 1 
Water vapor 1 
Oxygen 0.57 
Helium 0.1 





From this table it is seen that, except for helium and hydrogen, 
pumping rates correspond closely as to general magnitudes. There 
is some enrichment of oxygen expected; however, the error in 
neglecting this would correspond roughly to the error already 
inherent in vacuum readings in the ultra-high vacuum range. 
Should hydrogen enrichment (as expected in space) be required, 
this can be accomplished through the use of a palladium leak 
which can serve to bring atmospheric hydrogen selectively into 
the system. 


A difference must be noted between enclosures sealed to an 
individual fixed-volume-flow pump and those connected to a 
vacuum manifold as used by the authors. The fixed volume flow 
is subject to direct interpretation as spelled out above. The other 
type of system, irrespective of vacuum level, is subject to entry 
of material to the chamber as well as removal, which may lead 
to spurious results. To illustrate the influence of trace materials, 
encapsulated systems with ion pumps have permitted demonstra- 
tion of lubricating effects on friction specimens as the result of 
the presence of PTFE in a vacuum level well below 10~—§ torr. 


Wurm C. Younc (Lockheed Missiles and Space Company, Fe- 
search Laboratories, Palo Alto, California): 


The authors are to be congratulated on their work. Of particular 
interest is their testing under combined conditions, e.g., dynamic 
evaporation tests and dynamic testing in radiation and vacuum. 
It is hoped that we shall see more of this type testing from them 
and other groups working in the field of lubrication in space en- 
vironments. 

Radiation was done up to a level of 108 rads. Since the work 
published by the Radiation Effects Information Center has shown 
that lubricants are not affected by radiation at this level, it is 
unfortunate that tests were not carried to higher levels so that 
possible differences between air and vacuum radiation could be 
seen. 

It is stated that the oil and thickener are equally important in 
formulating a radiation resistant grease. While they both should 
be considered in view of the applications, they may not be of 
equal importance. For example, with dye thickened greases the 
dye may act as an anti-rad. Also, it may occur that the oil 
volatilizes on radiation rather than thickens, and thus the lubri- 
cating properties of the thickener would be important. 

Regarding the tests with silver plated balls, we have had a test 
program done for us by a sub-contractor. Test times of 2000 hours 
have been achieved using lightly loaded R-3 size ball bearings with 
silver plated balls operating at 8000 rpm. This was in a system 
using an ion pump. This program is not complete yet, but from 
the presently available data, it appears, as one would expect, that 
the detailed technique of application has to be established for 
each substrate and that bearings so lubricated are sensitive to 
thrust loads. 

I would like to ask what the ball material was in these tests, 
and what methods were used to measure plating thickness. 


AvuTHors’ CLOSURE: 


The “window” concept which Dr. Burton proposes is an in- 
teresting one. We would assume that this is meant to be applied 
mainly to dry bearing systems. This brings up an important point, 
the simulation must be tailored to a particular situation or con- 
figuration. 

In the case of fluid lubricated systems the use of the window 
concept would give results which would indicate only a small 
fraction of the true fluid evaporation rate. In fact, this situation 
exists in chambers where fluids are evaluated when a condensing 
surface is not used. Initially the clean surfaces of the chamber 
will “pump” until a molecular layer of the test fluid is deposited 
on the walls. Thereafter, evaporation from the walls will result 
in numerous collisions with molecules evaporating from the test 
fluid surface. With normal chamber dimensions and typical pump- 
ing ports, calculations indicate that a molecule leaving the test 
fluid surface may make as many as 100 collisions before being 
removed from the chamber. If in fact the application has a 
similar situation this might be acceptable. If however, a fluid 
lubricated bearing were in an enclosure but the bearing “viewed” 
the opening in the enclosure, the situation would be reversed 
and the simulation would not be acceptable. In the work described 
in the paper, it was felt to be more desirable to simulate the full 
fluid evaporation rate so as to establish a datum for selection. 

The “window” concept is perhaps most applicable to dry sys- 
tems. However, as before, the particular objectives of the evalua- 
tion must be considered. For example, the ultimate chamber pres- 
sure will be a function of the pumping speed and the selection 
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might depend to a large extent on the outgassing characteristics 
o! the materials under evaluation. Although, as was suggested by 
Dr. Burton, some entry of contaminant is possible by the use of a 
manifold; the superior pumping speed of this system often sug- 
gests its use. Such contamination is due to three causes: out- 
gassing, diffusion pump backstreaming, and back migration along 
warm surfaces. Outgassing is controlled by the materials while 
backstreaming is eliminated by cold, optically tight baffles. Migra- 
tion can be eliminated by cold surface interruption of porting 
walls. This was incorporated into the evaluation on dry film 
lubricated bearings. 

In summary, the proposed concept has considerable merit; but 
the use and application will depend in large measure on the ob- 
jectives and type of evaluation. 

With regard to the comment by Mr. Young that the level of 
10° rads would not be expected to show an effect, I can only point 
out some of our objectives: 


1. To determine if any differences would occur between evalua- 
tion in air and in vacuo to the radiation levels anticipated. 


to 


To determine if dynamic evaluations would indicate any 
differences. 


The latter has been shown to be particularly significant in com- 


parisons between static radiation tests and the actual dynamic 
behavior. We fully agreed that further work is required to extend 
this range of evaluation for more complete information. 

The point on the way in which the thickener may control the 
radiation resistance of the greases is well taken. When we in- 
dicated that oil and thickener were equally important in formulat- 
ing a radiation resistant grease, we wanted to stress the fact that 
both oil and thickener contributed and consideration of the oil 
alone was insufficient. 

The evaluation of bearings with metal platings and films was 
performed mainly under thrust loading. These were sensitive to 
load as Mr. Young suggests. Our system was a rotor supported 
on two bearings. The upper bearing served as a guide with little 
or no load and even when the lower bearing failed, little or no 
wear was observed on the upper bearing. All indications were 
that the upper bearing would have lasted indefinitely. The metal 
plating was electroplated to a thickness in the order of 0.0001 
inches. The materials were mainly 52100 steel although some of 
the tests used 440 C stainless steel. The plating thickness was 
measured initially by sectioning. However, no attempt was made 
to measure each test bearing. 

There did appear to be a running in and burnishing of the film 
to some equilibrium film thickness. 
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Predicting Elastomer-Fluid Compatibility for 
Hydraulic Systems 


By A. BEERBOWER,! D. A. PATTISON,” and G. D. STAFFIN* 


The elastomers used in sealing hydraulic and similar systems are frequently swollen or shrunk 
by prolonged contact with the fluids. The fundamental properties, especially the Hildebrand 
Solubility Parameter, of the fluid and elastomer components are related to these tendencies. 
Basically, the Solubility Parameter concept has been used to predict suitable elastomeric sealing 
materials for various fluids by avoiding close matches in solubility parameter. The present studies 
have shown that: (a) copolymer performance cannot always be predicted by averaging the prop- 
erties of the homopolymers; (b) mixtures of solvents may not behave like an imaginary single 
fluid of average properties; and (c) chemical interactions, hydrogen bonding, and molecular shape 
factors introduce major complications. New correlations are proposed to enable the hydraulic 
engineer to obtain Solubility Parameters from the more common properties of heavy petroleum 


fractions. 


Nomenclature 
C.E.D. = Cohesive Energy Density 

o = Density 

E = Molar Cohesive Energy 
AE = Energy of Vaporization 
AF = Free Energy of Mixing 
“F” — Molar Attraction Constants 
AH = Heat of Mixing or Vaporization 

(indicated in text) 

M = Molecular Weight 

N = Moles 

n = Number of Groups per Molecule 

¢ = Volume Fraction 

R = Gas Constant 

AS = Change in Entropy 
S.P. = Solubility Parameter in (Cal/cc) '/" 
ST = Surface Tension 

T = Temperature 

Ty, = Atmospheric Mid-Boiling Point 

V = Molar Volume 

Introduction 


ELASTOMERS used in sealing hydraulic and similar sys- 
tems may be swollen or shrunk by prolonged contact 
with the fluids. Pump cavitation, fluid leakage, and the 
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need for frequent seal replacement are some of the more 
troublesome results of ignoring or making poor use of 
elastomer-fluid compatibility data. 

The problem of predicting elastomer-fluid compatibility 
is made complex by the following elastomer and fluid 
variables: individual component behavior of a copolymer, 
elastomer fillers and plasticizers, elastomer molecular 
structure, elastomer blending and finishing procedures, 
selective swelling action by fluid components, time-tem- 
perature effects on swelling rates, and chemical degrada- 
tion of elastomer or fluid. The most reliable method for 
predicting system compatibility, exclusive of running 
dynamic or static elastomer-fluid tests, is based on the 
Hildebrand Solubility Parameter, which relates a ma- 
terial’s chemical structure or physical constants to its 
solvency properties. 

The objective of the present contribution to this sub- 
ject is the testing and modifying of some of the hypoth- 
eses put forward by previous authors to make them 
more useful. The authors’ studies have shown that: (a) 
copolymer performance cannot be predicted by averaging 
the properties of the homopolymers; (b) mixtures of 
solvents may not behave like an imaginary single fluid 
of single properties; and (c) chemical interactions, hydro- 
gen bonding and molecular shape factors introduce major 
complications. The authors have also developed new 
correlations to enable the hydraulic engineer to obtain 
Solubility Parameters from the more common properties 
of heavy petroleum fractions. 


SOLUBILITY PARAMETER HISTORY 


The equation AF = AH — TAS expresses in simple 
form the free energy of mixing two or more substances. 
For an elastomer to dissolve in a liquid, A\F (free energy 
of the system) must be negative. Elastomer dissolving is 
favored by an increase in temperature, by a minimum 
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(/\H (heat of mixing) and by an increase in AS 
(entropy). 

Solution is frequently speeded by heating, which makes 
the T/\S term larger. Substances with less internal bond- 
ing or a more flexible structure tend to have greater 
freedom of internal movement and thus, increased 
entropy. Gases would tend to have higher entropy than 
liquids, which in turn would be generally higher in 
entropy than solids. Flexible polymers have more entropy 
than rigid crystals and a swollen polymer has greater 
entropy than the unswollen. 

AH of mixing should be at a minimum for substances 
of nearly equal solvency, which tends to decrease further 
the free energy of mixing. 


Hildebrand (1) proposed that 
AE, ) 1/2 
Vi 


AEs 1/27|2 
— (Se) Jo 


AE = Energy of Vaporization of Components 1 and 
2; V = Molar volume of Components 1 and 2; ¢ = 
Volume fraction of Components 1 and 2. 





AF mixing = Volumerotai  ( 





Where: 


The term A£/V is the energy of vaporization per cc. 
and is called cohesive energy density. It can be seen from 
Hildebrand’s equation that the term (AE/V)?!/? is very 
important in determining a component’s “mixing range.” 
Hildebrand calls this term “Solubility Parameter.” As the 
difference between “Solubility Parameters” of elastomer 
and liquid decreases, /\H approaches the limit of zero at 
identical values, which allows the —T/\S term to provide 
negative free energy of mixing or of solution. 

Solubility Parameters may be calculated from molar 
latent heat of vaporization and density since AE = 
AH — RT. Solubility Parameter (S.P.) equals [ (AH — 
RT)/V|*/*. The data is either listed in the literature or is 
easily obtained experimentally on liquids, but latent heats 
of vaporization of many polymers cannot be obtained. To 
fill this gap, Small (2) proposed the following: 

Taking cohesive energy E of a mixture of NV, moles of 
liquid 1 with cohesive energy EZ, and molar volume V, 
with Nz moles of liquid 2 with cohesive energy E. and 
molar volume V2, 


E¥2(N\Vy + NoV2)"? = Ni(EyV3)"? + No(E2V2)!? 


That is, (EV)'/* or molar attraction constants are addi- 
tive. Calling (EV)!/? = F, SF groups = (EV)1/? for 1 
mole: 

(x F)? 





Molar Cohesive Energy E = 


aFr\* 
Cohesive Energy Density = | ——]} = = 


=F (EV)*/? E\' 
Solubility Parameter = ——- = _ = (=) 

Small derived “F” values or molar attraction constants 
for structural groups from vapor pressure and heat of 
vaporization data and from molecules of known Solubility 
Parameter. 

A typical use of this concept would be to determine the 
Solubilty Parameter of polyisobutylene (2). 





CH, 
| - 
i Molecular Weight — 56.1 
+ Sitianes Density (0) = 0.92 
CH; 
n 
N Group “F” Values NF 
oT 
1 C —93 ——— —93 
7 ™ 
1 —CH.— 133 = 133 
2 CH;— 214 ox 428 
Z=NF = 468 
=NF 468 X 0.92 
Solubility Parameter = —— d = ————— = 7.7 
M 56.1 


This agrees well with Scott and Magat’s (3) experi- 
mental value of 8.05 and the experimental value of 7.6 to 
9.7 found by the authors. 


Previous AUTHORS’ CONTRIBUTIONS 


Hildebrand (1) was the first to relate liquid-liquid 
solubility to Cohesive Energy Density (CED). He called 
the square root of C.E.D. “Solubility Parameter,” from 
which the following authors have developed elastomer- 
fluid compatibility data and solvent formulating charts. 

Gee (4) pointed out that rubber behaves like a liquid 
and that rubber swell could be correlated with the rub- 
ber’s S.P. Gee also set up the first large scale elastomer- 
fluid swelling tests. 

Small (2) discussed intermolecular forces and proposed 
the method outlined above for determining an elastomer’s 
or fluid’s S.P. from chemical structure. 

Scott and Magat (3) studied equilibrium swelling of 
rubber vulcanizate gum stocks and determined C.E.D. 
and the average molal volume between crosslinks. Their 
analysis of earlier polybutadiene swelling data showed the 
number of crosslinks to be directly proportional to sulfur 
content. 

Wilt, in a bulletin (5), reviewed the C.E.D. concept 
and plotted elastomer swell vs. fluid C.E.D. from pre- 
viously published data. 

Burrell, in two articles (6, 7), gave a complete review 
of solubility and elastomer swelling prediction theories 
and methods and collected much S.P. data on polymers 
and solvents. In his later article (7), he showed the effects 
of hydrogen bonding of the solvent and the polymer. 
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Webster and Larkin (8) list compatibility of 16 elas- 
tomers with common hydraulic fluids. Solubility Param- 
eter is used to point out the suitability of the elastomers 
for each hydraulic system. 

Murray (9) discusses chemical attack by extreme 
pressure additives on various synthetic elastomers. This 
presents another mechanism for elastomer swelling 
beyond solvent Solubility Parameters. 

Korotov and Chesnovka (10) point out that in styrene- 
butadiene rubber (SBR) the energies of activation are 
such that a natural block polymer forms, - consisting 
partly of copolymer and partly of polystyrene blocks. 
The activation energy of chain growth being 12.3 K 
Cal/mol for styrene as opposed to 18.0 for butadiene, the 
opposite effect was predicted, but the discrepancy is ex- 
plained on steric grounds. No swelling data are given. 

At about the same time, Kargin et al. (11) presented 
data, using tetralin and glycerol, which proved that 
swelling distinguished the blocks in polyvinyl alcohol- 
polystyrene and polyacrylic acid-polystyrene graft co- 
polymers. 

The present work was directed to reappraisal of the 
above authors’ conclusions. The approach was to obtain 
swelling data for a wide variety of pure chemicals and 
some petroleum fractions with a set of three elastomers 
(butadiene-styrene, vinylidene fluoride-hexafluoro propyl- 
ene, and isobutylene-isoprene rubbers). 


Experimental methods 


A large number of tests were run, using basically the 
technique of ASTM D-471 (and the related Federal Test 
Method Standards 791-3603.2, 791-3604-T and 601- 
6211). The majority of tests were made for 48 hours at 
185 F. Where necessary, small pressure vessels made of 
114” pipe nipples and caps were used as containers. Data 
were obtained only on volume per cent swell, no attempt 
being made to check the physical properties of the 
swollen rubber. While some tests on isobutylene-isoprene 
were run under different conditions (72 hours at 212 F, 1 
month and 3 months at 75 F), the checks on the same 
fluids were excellent. This is not surprising, as the 
Solubility Parameter of most substances vary in about 
the same way with temperature. Burrell (6) gives 
—0.008/F as a general rule. The time factor is generally 
not important, as elastomers usually swell rapidly to 
where cross-linking is limiting. Most of the data on 
volume per cent swell used are believed to approach this 
equilibrium. 

The elastomers used were commercial compounds, in 
some work in the form of “O”-rings and in the other 
cases as test strips. Although a few tests on special com- 
pounds were made, the data reported herein are limited 
to the three compounds listed in Table 1. 

The fluids used plus some others of general interest, 
are tabulated in Table 2. Values of S.P. for common elas- 
tomers are shown in Table 3, modified from Wilt (5). 
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TABLE 1 
Properties of Elastomers Used 

Vinylidene 

Butadiene- Iso- fluoride- 

acrylo- butylene- hexafluoro 

Type nitrile isoprene propylene 

Ratio about 70/30 99/1 Unknown 
Density at 77 F 1.205 1.182 1.837 
Nitrogen, % 4.71 — -= 
Filler content Low Medium Low 
Plasticizer content Low Low Low 

CALCULATIONS 


When possible, literature values (6, 12) were used for 
the Solubility Parameter of the solvents. A few cases were 
calculated by the Small (2) method from basic molecular 
structure. However, this did not work out nearly as well 
as to take the nearest chemical available from Ref. (6) 
and adjust it by the Small method (i.e., adding an alkyl 
group to phenol). Several cases were calculated from 
surface tension data or from the latent heat of vapori- 
zation as described below. 


PLOTTING OF DaTA 


All data points were plotted on Figs. 1, 2, and 3. The 
lines drawn represent envelopes to include the maximum 
swell noted with any elastomer. 


Experimental correlations 


The findings in this program are grouped below under 
six headings. Most of the conclusions lead to the gen- 
eralization that previous authors have oversimplified the 
problem. 


CoPOLYMERS 


The first author to study the relation of swelling to 
Solubility Parameters, Gee (3), makes the implicit as- 
sumption that copolymers are in effect mutual solutions 
of the two components, and hence will behave as a uni- 
form liquid. His data appears to bear this out, though 
he comments that for synthetics “the agreement be- 
tween theory and experiment is far worse than for natural 
rubber.” All subsequent authors appear to have fol- 
lowed the same assumption until 1960, when two Rus- 
sian groups (10, 11), pointed out that block polymeri- 
zation was the most probable case. The authors had 
meanwhile run into serious discrepancies on_ nitrile 
(butadiene-acrylonitrile) where two clearcut peaks ap- 
pear on the per cent swell vs. S.P. curve (Fig. 1). 
Analysis of compatibilities tabulated by Garlock (13) 
revealed the same pattern for nitrile rubber. The simpli- 
fying assumption is, therefore, invalid for this system. 
Figure 1 shows a clearcut polyacrylonitrile peak at 13.5 
between the theoretical value of 12.8 (2) and the ex- 
perimental value of 15.4 given by Walker (12). The other 
peak at 9.5 corresponds to a copolymer of 85% buta- 
diene/15% acrylonitrile, calculated from the polybuta- 
diene value of 8.5 (6). This indicates that, like styrene, 
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TABLE 2 
— Solubility Parameters of Fluids Arranged by Chemical Types 
jo a Acids SP. Amines cont. SP. 
al Acetic# 10.1 (5) N-Methyl Acetamide Try 
pylene n-Butyric 10.5 (5) Piperidine 8.7 (5) 
rnown Formic® ee Pyridine® 10.2 (5), 10.7 (6) 
ica c semana 
837 pal eo Anhydrides SP. 
Phosphoric® 14.4¢ = 
me Stearic® 8.54 Acetic 8.5 (5), 10.3 (6) 
4 - Propionic 10.0 (6) 
sce es Alcohols SP. Succinic® 15.4 (12) 
es po 10.9 (6) Aromatic Hydrocarbons SP. 
sed for Iso-Amyl 10.0 (6) Benzene* 9.2 (6) 
id elie Benzyl¢ 10.8 (5), 12.1 (6) p-Cymene 8.2 (5) 
ae n-Butyl¢ 11.4 (6) Diphenyl* 10.6¢ 
lecu _ Sec-Butyl¢ 10.8 (6) Ethylbenzene® 8.8 (6) 
as well Tert-Butyl 10.6 (6) Mesitylene 8.8 (6) 
ef. (6) Cyclohexyl¢ 11.4 (6) n-Propylbenzene 8.6 (6) 
n alkyl Diacetone® 9.2 (6) Styrene® 9.3 (6) 
1 from Ethyl¢ 12.7 (6) Tetralin 9.5 (6) 
vapori- 2-Ethylbutyl 10.5 (6) Toluene® 8.9 (6) 
Ethylene Glycol* 14.2 (6) Xylene (comm.)¢ 8.8 (6) 
2-Ethylhexyl 9.5 (6) Chlorinated Compounds SP. 
Furfuryl® 12.5 (6) : ——____— 
3. Th Glycerol 16.5 (6) Acetyl Chloride 9.5 (6) 
e n-Heptyle 10.6 (6) n-Amyl Chloride 8.3 (6) 
ximum n-Hexyl@ 10.7 (6), 10.54 Benzyl Chloride® 9.9¢ 
Hexylene Glycol 10.74 Carbon Tetrachloride® 8.6 (6) 
Methyl¢ 14.5 (6) Chlorobenzene® 9.5 (6) 
n-Octyl 10.3 (6) Chloroform? 9.3 (6) 
_— n-Propyl¢ 11.9 (6) Dichloroacetic Acid 11.0 (5) 
iso-Propyl@ 11.5 (6) o-Dichlorobenzene® : 10.0 (6) 
ae al = 5 : — 1,2-Dichloroethylene® 9.1 (6) 
ied the Aliphatic Hydrocarbons SP. Dichloroethyl Ether 9.8 (6) 
Butadiene-1, 3 7.4 (6) 1,2-Dichloropropane 9.0 (6) 
iso-Butylene 6.7 (6) 2,2-Dichloropropane 8.2 (6) 
li ‘ Coastal Lube. Dist.¢ 7.76 Ethylene Dichloride® 9.8 (6) 
ding Oo Coastal Lube. Raff. 7.50 Isobutyl Chloride 8.1 (6) 
cit as- Coastal Resid. (Deasph.) 7.8¢ Methylene Chloride 9.7 (6) 
lutions Cyclohexane® 8.2 (6) Pentachloroethane 9.4 (6) 
a uni- Decalin 8.8 (5) n-Propyl Chloride 8.5 (6) 
though n-Decane 6.6 (5) Propylene Dichloride 9.0 (6) 
nt be- Diisobutylene 7.7 (5) Tetrachloroethane® 9.4 (5) 
natural Dipentene 8.5 (6) Tetrachloroethylene® 9.0 (5) 
ve fol- n-Heptane® 7.4 (6) Trichloroethylene® 9.1 (5) 
o Rus- —* 7.3 (6) Trichloroethane® 9.6 (6) 
| - soprene 7.4 (6) — SL 
ly ger Methylcyclohexane 7.8 (6) pe = Esters S.P. es 
. ; Mid Cont. Lube. Dist.” 74°, 7.20 n-Amyl Acetate 8.5 (6) 
Meg rile Mid Cont. Lube. Raff.¢ 7.4, 7.2 Sec-Amyl] Acetate 8.3 (6) 
a i n-Octane® 7.6 (6) n-Butyl Acetate 8.5 (6) 
ig. 1). — 7.0 (6) Sec-Butyl Acetate® 8.2 (6) 
k (13) Fentene 6.9 (5) “ti Isobuty] Acetate 8.3 (6) 
— Amines SP. Butyrolactone 15.5 (6) 
system. 4¥ " 
; 13.5 n-Amyl 8.7 (5) Castor Oil¢ 9.34 
a . Aniline* 10.3 (5) Diamyl] Phthalate 9.1 (6) 
the ex- Diethyl 8.0 (5) Dibutyl Phthalate 9.3 (12) 
e other N, N-Diethyl Acetamide 9.9 (6) Dibutyl Phenyl Phosphate 8.7 (5) 
» buta- N, N-Diethyl Formamide 10.6 (6) Dibutyl Sebacate* 8.4 (12) 
lybuta- N, N-Dimethy! Acetamide 10.8 (6) Diethyl Phthalate 10.0 (6) 
styrene, N, N-Dimethy] Formide® 12.1 (6) Di-n Hexyl Phthalate 8.9 (6) 


Ethyl 10.0 (5) Dimethyl Phosphite 12.5 (5) 
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TABLE 2 Continued 





Esters cont. 2 gl 


Dimethyl Phthalate 10.7 (6) 
Dioctyl Adipate® 8.7 (5) 























Dioctyl Phthalate 7.9°, 9.0¢ 
Dioctyl Sebacate® 8.6 (5), 8.5¢ 
Dipropyl Phthalate 9.7 (6) 
Ethyl Acetate® 9.1 (6) 
Ethyl n-Butyrate 8.5 (6) 
Linseed Oil 8.24 
Methyl Oleate@ 8.84 
Neatsfoot Oil¢ 8.24 
Polyethylene Sorbitan Trioleate@ 8.4¢ 
Tricresyl Phosphate® 8.2 (5), 9.8° 
Ethers a. 
n-Amyl 73 (5) 
Dibenzyl¢ 9.4¢ 
Diethyl¢ 74 (6) 
1-4 Dioxane® 9.9 (6) 
Furan 9.4 (5) 
Propylene Oxide 9.2 (6) 
Ether-Alcohols S2. 
n-Butyl Diethylene Glycol@ 8.9 (6) 
n-Butyl Ethylene Glycol@ 8.9 (6) 
Diethylene Glycol 10.6°, 9.1 (6) 
Ethyl Diethylene Glycol 9.6 (6) 
Ethyl Ethylene Glycol 9.9 (6) 
Nonyl Phenol (Ethylene Oxide) 1.5¢ 8.14 
Polyethylene Glycol (400 M. Wt.) 9.04 
Polyethylene Glycol (1540 M. Wt.) 8.84 
Polyoxyethylated Oleic Acid@ 8.6¢ 
Triethylene Glycol¢ 9.2¢ 
Ketones and Aldehyde Sa. 
Acetone 10.0 (6) 
Benzaldehyde* 9.4 (5) 


Ketones and Aldehyde cont. SP. 
Cyclohexanone® 9.4 (6) 
Cyclopentanone 10.4 (6) 
Diethyl 8.8 (6) 
Diisobutyl¢@ 7.8 (6) 
Diisopropyl 8.0 (6) 
Methyl n-Amyl 8.5 (6) 
Methyl Ethyl¢ 9.2 (5) 
Methyl n-Hexyl 8.4 (6) 
Methyl Isobutyl¢ 8.4 (6) 
Methyl Propyl 8.9 (6) 

Nitriles SP. 
Aceto 11.9 (6) 
Acrylo 10.5 (6) 
Adipo 13.2 (12) 
Benzo 8.4 (6) 
Butyro 10.5 (6) 
Capro 9.1 (6) 
Propio 10.8 (6) 
Succino 14.9 (12) 

Nitro Compounds SP. 

Nitrobenzene® 10.0 (6) 
Nitroethane 11.1 (6) 
Nitromethane® 12.7 (6) 
Nitro-n Octane 7.0 (5) 
Nitropropane 10.7 (6) 

Phenols S.P. 
Cresol@ 13.3 (12) 
Di-tert-butyl-p-cresol@ 8.74 
Nonyl Phenol@ 9.2¢, 10.34 
Phenol? 14.5 (12) 
Resorcinol®@ 14.2¢ 





@ Data used in Figs. 1-5. 

> Calculated from Surface Tension. 

¢ Calculated from Molar Attraction Constants (2). 
4 Calculated from simple compounds and (C). 

€ Calculated from Latent Heat of Vaporization. 


acrylonitrile forms both blocks of alternating copolymer 
and blocks of homopolymer with butadiene. 

Considering other copolymer systems, two peaks have 
never been noted for SBR in the literature. The authors 
have no new data on this elastomer, but would expect 
peaks at S.P. values of 8.5 and 9.1 but would not expect 
them to be distinguishable. The same applies to vinyl- 
idene fluoride-hexafluoro propylene (Fig. 2), which might 
be expected to show peaks at 6.6 and 8.4. 


Mrxep SOLVENTS 


Hildebrand (7) in 1950 implied that mixed solvents 
tended to exhibit the properties of a liquid of S.P. equal 
to the volume average of the S.P’s of the components, 
though he stressed the point that this “single fluid” as- 
sumption was merely useful in a general sort of way. 
Burrell (6) also experimented with the simple volumetric 


and molal blending equations and concluded that Small’s 
equation (2) can be used “when the molar volumes of 
the solvents are not too different,” but that results are 
quantitatively disappointing. Other authors, especially 
Wilt (5) and Webster and Larkin (8), tended to dis- 
regard the qualification, the latter two discussing com- 
mercial mixtures as if they had a single distinct S.P. 
value. The weakness of this approach, which implies that 
the imbibed liquid has the same composition as the bulk 
supply, is illustrated by the following experiment: A 
series of blends of nonyl phenol (S.P. = 9.2) in a non- 
swelling hydrocarbon (U.S.P. White Oil of S.P. = 7.4) 
were allowed to equilibrate with nitrile rubber (S.P. = 
9.5 and 13.7). The concentration of the nonyl phenol in 
the mixture absorbed by the elastomer was from two to 
five times that in the bulk fluid. It is clear that elas- 
tomers are selective. In fact, the process is basically one 
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TABLE 3 


Solubility Parameters of Various Elastomers 
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Elastomer Ratios SP. 
Butadiene/Acrylonitrile 75:25 9.4-9.5 
Butadiene/Styrene 85:15 8.5 

75:25 8.1-8.6 
Butadiene/Viny] Pyridine 60:40 8.7 
Cellulose Diacetate 10.9 
Cellulose Dinitrate 10.6 
Chlorinated Rubber 9.4 (6) 
Ethyl Cellulose 10.3 
Isobutylene-Isoprene Rubber Pf 
Natural Rubber 7.9-8.4 
Polyacrylonitrile 12.8-15.4 (12) 
Polybutadiene 8.4-8.6 
Polychlorprene 8.2-9.3 
Polyethylene 7.9 
Poly-Glycol-Terephthalate 10.7 
Polyisobutylene 8.1 
Polymethacrylonitrile 10.7 
Polymethy] Chloracrylate 10.1 
Polymethyl Methacrylate 9-9.5 
Polystyrene 8.6-9.7 
Polystyrene-Divinyl Benzene 91 
Polytetrafluoroethylene 6.2 
Polyvinyl Acetate 9.4 
Polyvinyl Chloride 9.5-9.7 
Polyvinylidene Chloride 12.2 (6) 
Silicone Rubber (polydimethyl) 7.3 (6) 
Sulfide Rubber 94 
Vinylidine Fluoride— 
Hexafluoro Propylene 6.6-8.3 (Calc) 
@ From Ref. (3) except as noted. 
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Fic. 1. Solubility parameter vs. volume per cent swell buta- 


diene—acrylonitrile rubber. 
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Fic. 2. Solubility parameter vs. volume per cent swell vinyl- 


idene fluoride—hexafluoro propylene. 


of liquid-liquid extraction, and an additive will have a 
definite partition coefficient between the solvent and the 
elastomer. 

Seal shrinkage also falls in this category, the plas- 
ticizer being extracted from the elastomer by a nonswell- 
ing fluid. Few examples were encountered in this work, 
but serious cases have been noted in other projects. 

This should come as no surprise to rubber com- 
pounders. In SBR work, for example, it is well known 
that having good average properties is not enough for 
selecting a plasticizer as excessive saturates will sub- 
sequently be exuded from the compound while the 
aromatics are retained. Thus, an extender or process 
oil for SBR is specified not only in terms of viscosity- 
gravity constant (shown below to be related to S.P.) but 
also by maximum allowable saturates content. 

One, therefore, is forced to conclude that fairly inti- 
mate knowledge of the additives in a commercial fluid 
is required to predict behavior with elastomers. 


CHEMICAL INTERACTIONS 


It is obvious that most elastomers are not inert chemi- 
cally and that such combinations as a saponifiable group 
with strong alkali are foolhardy. Less obvious inter- 
actions may also be troublesome. Murray (9) has pointed 
out the effects of EP additives, many of which contain 
reactive sulfur, in over-vulcanizing, etc., the elastomer. 

Galpern (14) has also found an interaction of lithium 
soap with vinylidene fluoride-hexafluoro propylene poly- 
mer. Some thought must also be given to the fillers used, 
which are not necessarily as inert as Gee (4) seems to 
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feel they are. Certainly, some of the “wild points” on 
Figs. 1, 2, and 3 can be explained on this basis as several 
organic acids and amines were included in the solvents, 
and various unknown ingredients were present in the 
seals. 
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Fic. 3. Solubility parameter vs. volume per cent swell iso- 
butylene—isoprene rubber. 


HypRoGEN BONDING 


Hildebrand (1) in 1950 made no attempt to com- 
pensate S.P. for hydrogen bonding, stating that such 
materials were beyond the scope of this concept. The 
first efforts to arrange a corrective term appear to have 
been made by Small (2), who gave no numerical con- 
clusion. Burrell (6, 7) has studied the matter on an 
empirical basis. He concludes that each polymer should 
be listed with three S.P. values, one each for strong, 
moderate and nonhydrogen-bonding solvents. The rela- 
tion appears to depend in turn on the hydrogen bonding 
of the polymer. As the correction for poorly hydrogen 
bonded polymers appears to be quite small, no attempt 
has been made to introduce such a factor in the present 
paper. 

SHAPE FACTORS 


The influence of differing molecular shapes on ability 
to penetrate the coils of elastomers is not yet clearly 
enough developed for engineering use. However, Flory 
and Rehner (15) have laid the ground-work for such 
development. Inadequate equilibration, errors in pub- 
lished values of S.P., AH, etc., and the probable need for 
the hydrogen bond correction explain some of the scatter 
in Figs. 1, 2, and 3. However, some explanation is re- 
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quired for the fact that about half of the fluids under 
the peaks show less than 40% swell, a value often ac- 
cepted as the maximum tolerable level (8) and many less 
than 15%. The authors feel that the failure of many 
fluids to swell polymers, especially vinylidene fluoride- 
hexafluoro propylene, must lie in this poorly under- 
stood area of shape factor effects. 


Estimation of solubility parameter 


Hildebrand (1) offers seven methods for estimating 
S.P. These are: (1) Calculation from heats of vaporiza- 
tion AH; (2) Estimation from Hildebrand Rule for 
AH; (3) Estimation from internal pressure (0E/dV) 7; 
(4) Estimation from equation of state and critical con- 
stants; (5) Estimation from surface tension; (6) Esti- 
mation from optical data; (7) Estimation from solubility 
data. 

All of these, especially when applied to lubricating oils, 
call for the use of constants not normally available. Most 
of them also depend on empirical relationships which 
Hildebrand himself does not regard as entirely trust- 
worthy. However, No. 5 is especially attractive; as 
originally stated, 





ST >: 


Se. = 43 ( 
y1/3 
Surface tension (ST) is readily measured, and V, the 
molar volume, requires only the molecular weight and 
density which may easily be determined. Besides the 
fact that surface tension is seriously affected by traces of 
surfactants, this equation suffers from two defects: it is 
dimensionally unbalanced, and is limited to nonpolar 
fluids. 
The authors have, by replotting Hildebrand’s original 
data plus much that has since been accumulated, arrived 
at three empirical linear equations: 


ST = V1/3 (0.0439 S.P2 + 3.6) [1] 
ST = V/3 (0.00905 S.P.2 + 3.6) [2] 
ST = V1/3 (0.0920 S.P.2 — 1.05) [3] 


Eq. [1] is suitable for all polyhydric alcohols, includ- 
ing water, except polyglycols. 

Eq. [2] covers all monohydric alcohols. 

Eq. [3] fits the data for all other compounds not men- 
tioned above, except for a few nitro compounds, as well 
as does the original. The fundamental meaning of the 
constants, if any, is unknown. 


For the engineers who do not have the data required 
for Methods 1 to 7, the following correlations are pro- 
posed: based on a tabulation of the detailed properties of 
30 process and extender oils most widely used by the 
U.S. rubber industry, the authors calculated the S.P. 
by method 1 above. The A\ values were obtained from 
a Maxwell-Bonnell (16) chart extrapolated to 77 F, the 
value of dP/dT being substituted into the Clausius- 
Clapeyron equation. From all this, four more empirical 
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relations are proposed (Figs. 4 and 5) based on the fol- 
lowing properties: (8) Viscosity-Gravity Constant; (9) 
Aniline Point; (10) Characterization Factor; (11) 
ASTM Slope. 
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SOLUBILITY PARAMETER AT 77F, (cat/cc)/2 
Fic. 4A. Method 8—viscosity gravity constant vs. solubility 
parameter. 
Fic. 4B. Method 9—aniline point vs. solubility parameter. 


Number 8 is widely used by rubber compounders and 
easily calculated (17). Number 9 has already been shown 
by Powers and Billmeyer (18) to correlate with rubber 
swell. Their nitrile rubber data, converted to S.P., fits 
nicely on Fig. 1. (It was necessary to use their viscosity 
and gravity values because of the poor S.P.-Aniline 
Point correlation.) Number 10 was included because of 
its simplicity and because it can be derived from the 
same basic data as Number 1. Characterization Factor is 
defined by Watson and Nelson (19) as K = ¥Y/T3/Qe0 
where 7’, is the atmospheric mid-boiling point and Q¢o 
the specific gravity at 60 F. The ASTM slope (No. 11), 
is a parameter widely used in hydraulic fluid work, and 
is obtained by scaling, on ASTM Chart D-341-43C, the 
slope of the line connecting the points for kinematic 
viscosity at 100 F and 210 F. The graph for this param- 
eter contains 8 added points which were derived by 
the surface tension Eq. [3] above. It is interesting to 
note the close correspondence with the latent heat 
method. 


All of the correlations except No. 9 are of about equal 


accuracy and may be used interchangeably in giving 
values of S.P. + about 0.2 (though No. 11 loses sensi- 
tivity at high S.P. values). However, these relations are 
valid only for heavy petroleum fractions (over 700 F 
boiling point) of reasonably uniform molecular type. 
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Fic. 5A. Method 10—characterization factor vs. solubility 
parameter. 
Fic. 5B. Method 11—ASTM slope vs. solubility parameter. 





Number 10, at least, can readily be shown to fail 
except for heavy hydrocarbons, and the others are 
probably restricted to petroleum fractions. Also, as shown 
above, mixtures of widely varying types cannot be 
properly characterized by a single S.P. value for rubber 
swelling work. However, when applied properly to 
reasonably homogeneous hydrocarbons these methods 
should be of material assistance in guiding oil and seal 
formulators. Homogeneity of oils can be assessed, if 
necessary, by silica gel chromatography. 


Conclusions 


The following rules for predicting elastomeric seal- 
fluid compatibility may be presented: 


1. Copolymers, such as Nitrile Rubber, must be con- 
sidered to have two S.P. values, which may be widely 
enough separated to produce separate swelling peaks as 
shown in Fig. 1. Until experiments are performed, all 
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copolymers of monomers with highly dissimilar S.P. 
values should be assumed to show this effect. 


2. The S.P. value of each fluid ingredient must be con- 
sidered as the elastomer will select those most similar 
to it and absorb them, leaving the others in the fluid. 


3. If chemical interactions are expected, then S.P. 
values are insufficient to predict compatibility. Actual ex- 
periments must then be run. 


4. Apply hydrogen bonding corrections as needed. 


5. Prediction by the S.P. method as modified above 
will generally be on the pessimistic side, as many fluid- 
elastomer pairs will show less swelling than anticipated. 
As theory throws out some pairs which are compatible, 
experiments should be conducted on predicted incom- 
patible systems of special interest. 


6. Never forget that every elastomer will be swollen by 
some liquid, and any liquid will swell some elastomer. 
The “universal” fluid or elastomeric seal is a hopeless 
dream. 
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